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PLANT GROWTH UNDER CONTROLLED CONDITIONS. IV. RESPONSE OF 
• CALIFORNIA ANNUALS TO PHOTOPERIOD AND TEMPERATURE 1 

Harlan Lewis and F. W. Went 

The role of the environment in producing mor- plete their life cycle within a few months, and hence 
phological modifications of plants has long been a differences in response between juvenile and mature 
subject for speculation. In more recent years this plants can be observed in an experiment of four- 
problem has left the realm of speculation and has teen weeks duration. Because it was our object to 
been approached experimentally, primarily by relate our experimental results to the natural ecolo- 
transplant experiments such as those conducted by gy of the plants,, local plants with whose distribu- 
Bonnier (1890, 18.95, 1920), Hall (1932), Tures- tion and ecology we were already somewhat familiar 
son (1922, 1925, 1930), and Clausen, Keck and were employed. Preliminary experiments were con- 
Hiesey (1940). In all of these experiments the ducted in 1941-42 using about eighty California 
effect of different natural climates was investigated. annuals. From this group thirteen of the most suit- 
But, because any natural environment is the sum able were selected for the present experiment. Seeds 
total of numerous fluctuating and uncontrollable of all of these plants were supplied by the Rancho 
factors, which vary from year to year, the morpho- Santa Ana Botanic Garden, to whom the authors are 
logical modifications induced by varied environ- accordingly indebted. 

ments cannot be attributed to any particular factor Material. — Following is a list of the annuals 
with any degree of certainty. In order to ascertain employed, with brief descriptions of their occur- 
the specific factors responsible for given morpho- rence, and of the place of origin of the seed lots used, 
logical modifications, it is, therefore, necessary to Baeria chrysostoma T. & G. (Compositae). — Is 
conduct experiments under controlled conditions. abundant on plains, valleys and foothills at eleva- 
Such controlled conditions are now available in the tions below 2500 feet throughout California and 
air-conditioned greenhouses at the California Insti- southern Oregon. It flowers in March and April, 
tute of Technology (Went, 1943) which were used The plants used in this experiment are of a strain 
for the experiment now described. originally collected at the lower end of Aliso Can- 

The most suitable plants to use for such an ex- yon, Rancho Santa Ana, San Bernardino County, 
periment seemed to be annuals because they com- California, by C. B. Wolf (Rancho Santa Ana Bo- 
1 Received for publication August 23, 1944. tame Garden Herbarium No. 7780). Figures 6-8. 


Table 1. 


Condition 

1 

: 2''. 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Day temperature in degrees 

C. (8 a.m. to 4 p.m.) 

Night temperature in degrees 

19 

19 

19 

19 

19 

19 

19 

19 

19 

19 

26 Va 

26»/ 2 

G. (4 p.m. to 8 a.m.) 

19 

19 

19 

19 

19 

7 

26 % 

26 Vs 

13 

7 b 

13 

26 y 2 

Photoperiod in hours 11 

8 

12 

14 

18 

24 

8 

8 

10 

10 

10 

10 

10 

Baeria chrysostoma 

57 

69 

47 

40 

32 

B 

O 

0 

103 


97 

0 

Bailey a multiradiata 





B 


0 





X 

Coreopsis ealiforniea 

B 

B 

77 

54 

43 

B 



B 


B 


Eschseholtzia ealiforniea .... 




98 

56 




... 




Eschseholtzia Lobbii 

B 

B 

99 

59 

72 

B 




B 


99 

Gilia - tricolor 


80 

B 

79 

80 


80 

87 

B 



89 

Godetia quadrivulnera 



B 

97 

85 


0 

X 




O 

Linan thus montanus ........ 




74 

56 



0 




O 

Madia elegans 

76 


B 

81 

64 


0 

0 




0 

Mentzelia Lindleyi 


B 

B 

63 

65 


0 

0 




0 

Monardella lanceolata ...... 

Oenothera deltoides 




B 

B 







X 

Phacelia Parry i . . . . . ....... 


B 

65 

43 

33 



B 

B 


B 



Numbers represent days required for first flower to bloom, 

B = flower buds initiated at the end of the experiment (103 days). 

O = plants dead. 

X = plants visibly unhealthy. 

a The first 8 hours in conditions 1 through 7 are natural daylight; light for the additional hours was supplied by 
G.E, daylight fluorescent bulbs and Cooper-Hewitt lamps giving a combined intensity of 450 f.c. Conditions 8 through 
12 were exposed to a natural length day which was approximately 10 hours during this experiment. 
to From 4 p.mu to 8 p,m. the temperature was 13°C. 

[The Journal for December (31: 597-659) was issued January 12, 1945] 

American Journal of Botany, Vol. 32, No. 1 , January, 1945 
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Bailey a multiradiata Harv. & Gray (Composi- 
tae) 2 . — Occurs on the eastern Mojave Desert and 
eastward to Texas. It blooms for the most part from 
March through July. Strain collected on the Mojave 
Desert in the Clark Mountains 1.6 miles west of 
Pachalka Springs, San Bernardino County, Cali- 
fornia (elevation 1600 feet) by C. B. Wolf. (Rancho 
Santa Ana Botanic Garden Herbarium No. 7000 ). 

Coreopsis calif ornica (Nutt.) Sharsmith (Com- 
positae).— Occurs on the Mojave Desert eastward 
to Pima County, Arizona, on the western margin of 
the Colorado Desert, and in sandy valleys and mesas 
of the South Coast Ranges and cismontane Southern 
California southward to San Quintin, Baja Califor- 
nia. It blooms in March, April and May. Strain 
originally collected on the Mojave Desert six miles 
south of Barstow on the road to Stoddard Well, 

2 Short lived perennial, but flowering as an annual. 


San Bernardino County, California (elevation 
2300 feet), by C. B. Wolf (Rancho Santa Ana 
Botanic Garden Herbarium No. 10281 ). Figure 12 . 

Eschsckoltzia calif ornica Cham. var. crocea Jep- 
son (Papaveraceae)^.— -Occurs on open grassy plains 
in the San Joaquin and Sacramento Valleys in Cali- 
fornia. It is said to have two seasonal flowering 
forms, a large orange-flowered vernal form and a 
small yellow-flowered aestival form (Jepson, 1922 ). 
Strain collected in the Sacramento Valley one mile 
north of Durham, Butte County, California (eleva- 
tion 150 feet) by C. B. Wolf (Rancho Santa Ana* 
Botanic Garden Herbarium No. 8787 ). Figure 12 . 

Eschsckoltzia Lobhii Greene (Papaveraceae). — - 
Occurs at elevations to 2000 feet on the open plains 
and foothills of the Sierra Nevada from Shasta to 
Kern Counties, California, and in the foothills of 

3 Short lived perennial, but flowering as an annual. 


Table 2. 


■' 

Flower initiation 

Leaf size 

Rate of leaf 
production 

4_) 

rt Th 

S'S £ 
•e ^3 
£ 

!§J 

Germination a 

; 

Photoperiod 

Night temperature 

Day temperature 

Photoperiod 

Night temperature 

' ■ ■■ ' 

Day temperature 

Photoi>eriod 

Night temperature 

Day temperature 

. O 

Q 55 

05 

CO r “ 1 

CM 

Q 55 

Baeria chrvsostoma 

+ 

19 

O 

+ b 

4-* 

19 c 

O 

+ 

O 

no 

no 

yes 

Bailey a multiradiata 

. + 

O 

O 

O 

4-* 

O 

O 

+ 

O 

no 



Coreopsis californiea 

+ 

O 

O 

4- 

|,d 

19 c 

O 

4- 

O 

no 

no 

ves 

Eschscholtzia californiea 

+ 

0 

O 

O 

19 

O 

O 

/ 

O 

yes 

yes 

ves 

Eschseholtzia Lobhii 

/ 

0 

O 

4- 

•j.d 

O 

O 

4- 

26%' 

e yes 

yes 

yes 

Gilia tricolor 

/ 

26%' 

O 

O 


O 

O 

4- 

0 

yes 



Godetia quadrivulnera 

+ 

0 

O 

o 

0 

O 

0 s 

4- 

0 

no 

yes 

yes 

Linanthus montanus 

+ 

0 

O 

0 

0 

O 

0 

4- 

0 

no 

no 

yes 

Madia elegans 

B 

19 h 

O 

0 

O 1 

19 c 

0 

+ 

0 

no 

no 

yes 

Mentzelia Lindleyi 

+ 

19* 

O 

0 

+ d 

O 

0 

/ 

0 

no 

no 

yes 

Monardella lanceolata 

4- 

O 

0 

+ k 

O l 

O 

/ 

+ 

0 

yes m 

yes 

yes 

Oenothera deltoides 

O 

O 

o 

o 

O 1 

0 

0 

4- 

0 

yes 

yes 

yes 

Phacelia Parryi 

4~ 

19 J 

19 

4- ,) 


19 

0 

4- 

0 


yes 

yes 


adverse effects of high night temperature, etc. 
with a 19° natural length day, but with a 19° 8-hour 


0 = no response independent of factor under consideration. 

+ = positive correlation with length of photoperiod or temperature. 

/ = probable positive correlation. 

B = bimodal response. 

19 or 26 Vo = optimal temperature. 

+ == special case, see superscript d . 

11 From preliminary experiments. 

b Initially correlated, that is, until modified by flower initiation, 
c With a 13° night and natural length day. 
d Largest leaves produced at 13° and the smallest at 7° or 26 l /3° 
photoperiod the largest leaves are produced at 7°* 
e With a 26° night and natural length day; with a 13° night and natural length day, response is independent of day 
temperature. 

f Flowers very small. 

g With an 8-hour photoperiod, the rate is somewhat lower than with longer photoperiods. 

11 With a 19° 8-hour photoperiod, only; there is no effect with a natural length day. 

1 Leaves produced with a 13° night are somewhat larger than those produced at other temperatures. 
j With a 19° natural length day. 

fc A threshold is reached with 14 hours of light (8 natural daylight, 6 artificial) ; beyond this point there is no increase 
in leaf size with additional light. 

1 Leaf size is notably reduced with a 7° night and 19° natural length day. 
m Plants grown at 2 6 ° day and night were visibly unhealthy at the end of the experiment. 
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the North Coast Ranges bordering the Sacramento 
Valley. It blooms in March and April. Strain origi- 
nally collected near Clovis, Fresno County, Cali- 
fornia (elevation 400 feet) by A. L. Chickering. 

Gilia tricolor Benth. (Polemoniaceae). — Occurs 
on grassy slopes arid hillsides up to 3500 feet in the 
Sacramento Valley, on the western margin" of the 
San Joaquin Valley^ and in the Coast Ranges from 
Santa Clara County north to Humboldt County, 
California. It blooms in March, April and May. 
Strain originally Collected in Tejon Canyon, Kern 
County, California (elevation 2300 feet) by C. B. 
Wolf (Rancho Santa Ana Botanic Garden Herba- 
rium No. 6741). Figure 12. 

Godetia quadrivulnera (Dougl.) Spach ssp. typica 
C. L. Hitchc. (Onagraceae). — Occurs at elevations 
below 4000 feet on dry hillsides throughout Califor- 
nia (except on the deserts) north to Oregon and 
Washington. It blooms from late April through July. 


-o ishrs. 

I4hrs. 
Aizhrs. 
'□ 8hrs. 


'' • ( j - £ 1 f ' __ ; r ' y J_ . , V 1 Fig. 2-3. — Fig. 2 (above).' Leaf production of Monar- 

Hicfoifeup Z65°C I9*C B°C • della lanceolata under different night temperatures. For 

v » * * * all plants: day temperature 19°C., photoperiod 8 hours. — 

Fig. 3 (below). Leaf size of Eschscholtzia Lobbii as a func- 
Fig. 1. Oenothera deltoid es var. cognata. Photographs tion of age and photoperiod. All plants grown at a con- 
of herbarium specimens collected 10.1 days after sowing. stant temperature of 19 °C. day and night. 

Only one representative plant per treatment shown. Num- 
bers in upper right hand corner of each square correspond 
to condition numbers in table 1. Squares arranged accord- 
ing to night temperature from right to left. During day 
all plants were subjected to 19°C, except conditions 11 and 
12, which were maintained at 26.5 °C. In vertical order the 
conditions are arranged according to' the length of photo- 
period, except conditions 11 and 12, which had the same 
photoperiod as conditions 8, 9, and 10 (natural daylight). 


vation 1400 feet) by E. R. Johnson (Rancho Santa 
Ana Botanic Garden Herbarium No. 4996). 

Linanthus vnontanus Greene (Polemoniaceae). — 
Occurs at elevations of 1000 to 5000 feet in the oak 
woodland of the Sierra Nevada from Calaveras 
County to Tulare County, California. It blooms in 
April, May and June. Strain collected 2.8 miles 
above Dunlap on the Sand Creek cut-off to Mira- 
Strain originally collected one-fourth mile south- monte, Fresno County, California (elevation 2500 
west of Muddy Springs near Roundtop Peak, feet) by C. B. Wolf (Rancho Santa Ana Botanic 

Rancho Santa Ana, Orange County, California (ele- Garden Herbarium No. 5061). Figure 12. 
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Madia elegans Don var. densifolia Jepson (Com- 
positae). — Occurs on dry hillsides at elevations be- 
low 3500 feet in the Sierra Nevada foothills from 
Fresno County,, Calif ornia, north to Oregon and in 
the Coast Ranges from San Luis Obispo County 
north to Mendocino County , California. It blooms 
for the most part from June through September. 
Strain collected one-half mile south of Mokelumne 
Hill on the road to San Andreas, Calaveras County, 
California (elevation 1500 feet), by C. B. Wolf. 
(Rancho Santa Ana Botanic Garden Herbarium 
No. 5204). 

Mentzelia Lindleyi T. & G. ssp. typica Wolf 
(Loasaceae). — Grows at elevations of 1500 to 4000 
feet in the South Coast Ranges from Alameda Coun- 
ty, south to Monterey and San Benito Counties, 
California. It blooms in April and May. Strain ob- 
tained from England, by Theodore Payne. The 
strain is presumably derived from seeds collected in 
California by David Douglas in 1830-32. 

Monardella lanceolata Gray (Labiatae). — Occurs 
in the foothills and mountains at an elevation of 
1000 to 6000 feet (usually in the yellow pine forest) 
in the Sierra Nevada from Shasta County south to 
Tulare County, California, in the Coast Ranges in 
Santa Barbara and Ventura Counties, in the San 
Gabriel and San Bernardino Mountains south to 
San Diego County. It blooms for the most part in 
June, July, and August. Strain originally collected 



Fig. 4. Leaf size of Eschscholtzia Lobbii as a function 
of time and night temperature. Day temperature 19°C., 
photoperiod 8 hours. 


at Bradshaw's Camp on the Bass Lake to Wawona 
road, three miles from the Mariposa County Line 
in Madera County, California (elevation 3500 feet), 
by C. B. Wolf (Rancho Santa Ana Botanic Garden 
Herbarium No. 5195). 

Oenothera deltoides Torr. & Frern. var. cognata 
(Jepson) Munz (Onagraceae). — Occurs in sandy 
places in the San Joaquin Valley and western part 
of the Mojave Desert at elevations below 2500 feet. 
It flowers for the most part in March, April and 
May. Strain collected on the north side of the Mer- 
ced River on U. S. Highway 99 between Merced 


and Modesto, Merced County, California (elevation 
100 feet), by C. B. Wolf. (Rancho Santa Ana 
Botanic Garden Herbarium No. 5162). 



Fig. 5. Development of Madia elegans var. densifolia, 
103 days after sowing. Only representative plant per treat- 
ment shown. For further explanation, see figure 1. 


Phacelia Parry i Torr. (Hydropliyllaceae) . — Oc- 
curs in burns and open places in the chaparral at 
elevations below 2500 feet in the Coast Ranges 
from the Santa Lucia Mountains southward to Baja 
California. It flowers from March through May. 
Strain grown for many years by Theodore Payne. 
Figures 9-11. 

Methods. — The experiment was begun October 
5, 1943, and was continued for 103 days until Janu- 
ary 12, 1944. The seeds were sown in 2-inch square 
plant bands in a uniform mixture of equal parts of 
sand and fine leaf mold. The plant bands were ar- 
ranged in redwood flats, and to each species was 
allotted five bands per flat. A total of twelve flats 
was thus arranged, all identical and each containing 
the seeds of thirteen species. All of the seeds were 
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Baeria chrysostoma 
43 days 


Field coUec Wil 


Photoperiod 10 hra. 
day temp. 26.5T. 


Fig. 6. Development of Baeria chrysostoma , 43 days after germination. For each condition, 6-10 plants are shown, 
representing the range of variability. Photo in upper right hand corner shows the original plants, from which the seed 
stock used in this experiment was collected. For further explanation, see figure 1, 


Aphids and other pests were combatted by regular 
spraying with greenhouse Volck. 

Records for two purposes were made at intervals 
throughout the experiment. First, measurements 
were made as an index to (1) the amount of growth 
in length of the longest leaf and, (2) the number of 
leaves produced on the main stem. Second, the date 
of the opening of the first flower of each species 
under the various conditions was recorded as a meas- 
ure of photoperiodicity. At the time of measurement, 
about sixty plants of each species (five from each 
condition) were harvested and pressed for future 
reference. These specimens were selected to repre- 
sent the range of variation within each condition. 
They have been deposited with the herbarium of 
the University of California, Los Angeles. 

Results. — Oenothera deltoides cognata (fig. 1) 
showed an exceptional degree of uniformity in re- 
sponse to all of the conditions (except condition 10 
in which the plants were considerably smaller). 
However, throughout this experiment none of the 
individuals matured, but all remained in the rosette 
stage, a fact which is not wholly surprising since 
this species normally remains in this stage until the 
season is well advanced. Had the experiment con- 
tinued until the flowering stage was reached, this 


germinated under identical conditions in an ordinary 
greenhouse. After germination and while the plants 
were still in the cotyledon stage they were thinned 
to seven per plant band. Thereupon, approximately 
three days after germination, the flats were sub- 
jected to the twelve conditions listed in table 1. 
Hence, at the beginning of the experiment 35 indi- 
viduals of thirteen species were subjected to each 
of twelve artificial environments varied with respect 
to photoperiod and temperature. The humidity un- 
der all conditions was approximately 70 per cent. 
During the day (8 a.m. to 4 p.m.) all plants were 
subjected to natural daylight in the greenhouses 
where the intensity is approximately 60 per cent 
that of outside daylight. The intensity of the supple- 
mentary light during night was approximately 450 
f.c. The plants were kept weeded and were thinned 
from time to time to prevent crowding and to insure 
that all plants were of the same age. At the end of 
the experiment there were three plants in each band 
except in the case of some of the larger species 
which were in some instances thinned to but a single 
plant per band. The plants were watered one day 
a week with Hoagland's nutrient solution, on other 
days with tap water. The seedlings were sprayed 
with a solution of Semesan to prevent damping off. 
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Fig. 7. Same as figure 6, but plants harvested 76 days after sowing. 


species might also have shown photoperiodicity and 
thermoperiodicity. The principal difference induced 
by the different conditions was that the rate of leaf 
production was found to be directly correlated with 
the night temperature (table 2), but the difference 
between the highest rate and the lowest rate was 
insufficient to produce a visible difference in the 
photographs. 

Godetia quadrwulnera was a long-day plant with 
respect to flowering (table 2). Leaf size was uni- 
form under all conditions. The rate of leaf produc- 
tion was directly correlated with night temperature 
(as in fig. 2). 

Linanthus montanus (fig. 12) was almost identi- 
cal with Godetia quadrwulnera in its response. 

Baileya multiradiata responded essentially like 
Godetia quadrwulnera save with respect to leaf size 
(table 2), in which one finds a direct correlation with 
the night temperature until the adverse effects of 
high night temperature become effective. 

Eschscholtzia calif ornica croce a (fig. 12) had a 
pattern of response similar to that of Baileya multi- 
radiata. The rate of leaf production was probably 
correlated with the night temperature, because, by 
and large, more leaves were produced at the higher 
night temperatures. 

Eschscholtzia Lobbil differed in response from 
E. calif ornica principally in the direct response of 


leaf size to the length of the photoperiod (fig. 3) and 
in the preference of a lower night temperature for 
the development of largest leaves (fig. 4). 

Coreopsis calif ornica (fig. 12) responded in essen- 
tially the same way as Eschscholtzia Lobbii . 

Gilia tricolor (fig. 12) was photoperiodic, al- 
though flowering was not directly correlated with 
the length of the photoperiod. Occasional preco- 
cious blooming in the shorter photoperiods w r as ex- 
ceptional. Flower initiation may also be stimulated 
by warm night temperatures but the flowers pro- 
duced under such conditions were very much small- 
er than those produced at cooler temperatures. 
These small flowers were very similar to and re- 
called the flowers of Polemoniaceae often found on 
stunted plants growing in nature under “adverse” 
conditions. 

Mentzelia Lindleyi was almost identical with 
Gilia tricolor in its response. It differed in its lack 
of direct correlation of the rate of leaf production 
with night temperature (table 2). This may in part 
have been due to an inadequate sample. Hovrever, 
the data strongly suggest that, except for the higher 
temperatures, the rate of leaf production of this 
species may be but little affected by night tem- 
perature. 

Monardella lanceolata was unique among this 
group of plants in showing a positive correlation 
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Night temple. 


Fig. 8. Same as figures 6 and 7 ; plants harvested 103 days after sowing. 
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Fig. 9. Development of Phacelia Parryi , 45 days after sowing. For explanation see figures 1 and 6. 


Phacelia Parryi was also shown by Sivori and 
Went (1944) to be photoperiodic with respect to 
flowering. In this experiment it closely paralleled 
Baeria chrysostoma. However, the change in photo- 
periodic response with age was less pronounced in 
Phacelia Parryi , for at the end of the experiment 
there was no trace of flower initiation in the plants 
grown with but eight hours of daylight (fig. 11). 
The conditions for flower initiation may not neces- 
sarily be the same as those for flowering in this 
species, since in the twelve-hour photoperiod many 
flower buds are initiated in which only the calyx 
matures and the remainder of the flower aborts. 
There was no indication from the present experi- 
ment as to the cause of this abortion. However, 
aborted flowers were no more frequent on our 
plants than on most plants of this species found in 
nature. Here, as with Baeria , the apparent opti- 
mum development is conditioned by the length of 
the experiment (figs. 9, 10, and 11). Attention 
should be called to the striking difference in the 
shape of the leaves, and particularly in the leaf 
margins of the plants grown, for example, under 
conditions 5 and 3 (fig. 11). The former have small, 
once lobed or dentate leaves while those in condi- 
tion 3 are much larger, rounder, and with doubly 
crenate margins. 


Discussion and conclusions. — Effect of photo - 
period. — Reference to tables 1 and 2 demonstrates 
that the most striking effect of photoperiod is its 
effect upon flower initiation. All but two of these 
spring-flowering annuals are long day plants. In 
some cases there is also an increase in the size of 
the leaves with an increase in length of photoperiod. 
Since these annuals do not store appreciable 
amounts of carbohydrates, and since the intensity 
of the supplementary light during night was fairly 
high, it is likely that in some cases the length of the 
photoperiod became the limiting factor in the 
growth of the leaves. If food is the limiting factor, 
one might expect an increase in leaf size corre- 
sponding to the length of day. With two possible 
exceptions ( Monardella and Godetia ) the length of 
the photoperiod has but little to do with the rate of 
leaf production. From figures 8 and 11 it also fol- 
lows that the photoperiodic behavior depends large- 
ly upon night temperature. 

Effect of temperature . — The day temperatures 
employed in this experiment seldom produce any 
differences of response, whether of flower initia- 
tion, size of leaves or rate of leaf production. Night 
temperature, however, has, in general, a pronounced 
effect upon the rate of leaf production and also 
upon leaf size. The higher the night temperature, 
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Fig. 10. Same as figure 9; plants harvested after 87 days, 


the greater the rate of leaf production, a rate which the seedling stage, is similar to that found in toma- 
is constant throughout the vegetative development toes (Went, 1944). 

of the plant so long as the night temperature re- As can be seen from tables 1 and 2, approxi- 
mains constant and the plant remains healthy (fig. mately half of the species with which we are con- 
2). This phenomenon was observed in most of the cerned were killed by high (26% °C.) night tern- 
other plants observed. The constant rate of leaf perature. Even though the others survived,, many 
production is a direct expression of a constancy in individuals tended to be weak and prostrate. In no 
the development of the apical meristem. Since there case was a day temperature of 26% °C. lethal un- 
are approximately the same number of cell divi- less associated with a 26%° C. night temperature. It 
sions between the initiation of successive primor- is most interesting to note that with one exception, 
dia, it follows that the effect of night temperature seeds of the plants killed by high night tempera- 
on the rate of leaf production must be the result of ture were unable to germinate at this night tem- 
a fairly high temperature coefficient of the rate of perature (table 2). This indicates that the same 
cell division during night. Such a temperature effect factors responsible for the death of the plants at 
on cell division was found, e.g., by Laughlin high night temperature are also operative in the 
(1919) in Allium Cepa root tips. seedlings or embryos. 

Night temperature also effects leaf size. During Morphological modifications . — These fall into 
the first two weeks, ten out of the thirteen species two classes, namely, differences in size, and differ- 
produced their largest leaves under conditions of ences in aspect or habit. The modifications of size, 
a high (26%° C.) night temperature. However, in whether of leaf, stem or flower, are not of the sort 
no case did this condition continue. On the con- that would ordinarily influence a taxonomist, with 
trary, as the plants matured, the largest leaves the exception of Gilia tricolor 9 a representative of 
were produced under cooler night temperatures (as the Polemoniaceae. In this case, thy flowers pro- 
in fig. 4). This shift from higher to lower optimal duced under a high (26%°C.) night temperature 
night temperatures, when the plants have passed are much smaller than those produced at lower 
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night temperatures. As mentioned above, this is flower buds after only four or five nodes have been 
not surprising as one frequently finds an astonish- formed. Hence, although mature in the sense of 
ing range in flower size on this and other species producing flowers, such plants possess only leaves 
of the same or related genera. Our observations of one type. Whatever the species, comparison of 
suggest that these differences may not be wholly leaves produced at a given node showed no differ- 
genetic but may be in part modifications. The con- ences in proportion, venation or margins beyond 
formation and relative proportions of the flower, those to be expected in a random sample from a 
however, were not changed. This indicates that, as natural population. Our plants, grown under con- 
a rule, proportional measurements are more suit- trolled conditions, are comparable in size and habit 
able in delimiting closely allied entities than abso- to plants of the same strain as it was found in na- 
lute measurements, a practice long followed by ture or grown in the field (fig. 12). 
taxonomists. Ecological correlations . — It might be expected 

The most conspicuous differences in habit ob- that one would be able to correlate the response of 
served in this experiment are due to differences in these plants under controlled conditions with their 
the number of cauline leaves. This number is a responses in nature and to find some of the factors 
function of the time of flower initiation which in effective in limiting their distribution. But this par- 
our plants is influenced primarily by the length of ticular experiment has yielded no sucli information, 
the photoperiod. We have already mentioned the The reasons are perhaps several. It is quite evident 
striking differences in the leaf margins of Phacelia that the limits used in this experiment were not 
Parryi when grown with short and long photo- sufficiently wide and that a greater range of arti- 
periods. The juvenile leaves of this species, pro- ficial environments was needed. Then, too, other 
duced at the first few nodes, are once-lobed or den- factors such as water relations may be of more im- 
tate, those formed later have doubly crenate mar- portance than light and temperature. It may also 
gins, while those in the inflorescence are again be that this material was not suitable for showing 
once-lobed or dentate. The lack of leaves with differences in adaptation, for it is quite possible 
doubly crenate margins on the plants subjected to that these annuals all represent more or less the 
long photoperiods is due to the early initiation of same ecological type. The life cycle of these an- 
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Fig. U. Comparison of the original collection of some of the plants used in the present experiment (left photo of each 
pair) with some of the experimental plants which had a comparable development (right hand photos). They all came 
from condition 5, except Coreopsis calif ornica, which came from condition 4 (c.f. table 1). 


nuals is short and they spend most of the year in a 
dormant stage as seeds, hence they may grow in 
diverse climatic regions, so long as the conditions 
are suitable at some time during the year for them 
to germinate and complete their short cycle. There- 
fore, it does not follow that two annuals which 
grow in different climatic regions necessarily rep- 
resent different ecological types, for they may actu- 
ally grow under a regime which both regions have 
in common. To analyze the factors which limit the 
distribution of a species, it would be necessary to 
use a series of samples from different regions 
rather than a single sample, as in the case of this 
experiment, and it would be necessary to have a 
complete set of phonological and meteorological 
data concerning the races under investigation. 

A species usually has a broad range of potential 
form. When the conditions under which a given 
biotype grows in nature are fairly uniform during 
successive growing seasons, considerable uniformity 


among the individuals can be expected. If, on the 
other hand, such a biotype grows under a wide 
range of climatic, edaphic and biotic conditions, 
great variability is to be expected. Since all of the 
modifications that are included in the range of this 
variability belong to the same species, it follows 
that any concept of a species should include the 
response of its components to all potential growing 
conditions at all stages of their development. Such 
a concept would thus include all of the responses of 
which a genotype is capable and would make it 
possible to define, within limits, the conditions un- 
der which a specimen of any given biotype has 
grown. An initial contribution to such a concept of 
the species Baeria chrysostoma is shown in figures 
6 to 8. The response in time of Phacelia Parryi to 
various temperatures and photoperiods is shown in 
figures 9 to 11. It can be seen that the specimens 
collected in nature or under natural growing con- 
ditions can easily be matched by specimens grow- 
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ing under controlled conditions. For every species 
investigated in detail by methods like those de- 
scribed it may thus become possible to identify the 
growing conditions in nature by the size, habit and 
condition of the plant. A depauperate specimen 
does not necessarily mean that it grew under nutri- 
ent or water deficiency; on the contrary, some of 
the smallest Baeria plants (condition 5) grew un- 
der such conditions that it developed, flowered and 
set seed in the shortest time. It was observed in the 
Sierra Nevada that Linanthus montanus when 
growing on the normal slope of the mountain had 
uniformly 4-5 nodes below the inflorescence while 
those on an exposed rocky outcropping in the same 
area, although in the same stage of flowering, had 
about eight nodes. This difference may well be 
attributed to earlier germination on the outcropping 
as a result of the earlier disappearance of snow on 
the site. All plants flowered at the same time due 
to the pronounced photoperiodicity of Linanthus 
montanus (table 1). Such observations strongly 
suggest the feasibility of correlation of field ob- 
servations with experimental data. To show how 
well the plants grew under controlled conditions, 
figure 12 combines pictures of the original collec- 
tion of the plant in the wild and the best specimens 
grown under the described conditions. 

SUMMARY 

Thirteen species of California annuals were 
grown under twelve different controlled conditions 
of temperature and photoperiod in air-conditioned 
greenhouses. All but two of these annuals proved 
to be long day plants. The photoperiodic response 


of one, Madia elegans , follows a unique bimodal 
curve. In several cases the size of the leaves is 
directly correlated with the length *of the photo- 
period. 

Day temperatures seldom produce any differ- 
ences in response, whether of flower initiation, size 
of leaves or rate of leaf production. Night tem- 
perature, on the other hand, has, in general, a pro- 
nounced effect upon the rate of leaf production and 
also upon leaf size. The rate of leaf production re- 
mains constant throughout the vegetative develop- 
ment of the plant so long as the night temperature 
remains constant. There is, in general, a shift in 
optimal conditions for the production of largest 
leaves. 

The morphological modifications are of two 
kinds, namely, differences in size and differences 
in habit. The differences in habit are attributable 
to differences in time of flower initiation. Compari- 
son of leaves produced at a given node showed no 
differences in proportion, pubescence, venation or 
margin beyond those to be expected in a random 
sample from a natural population. The modifica- 
tions described are not of the kind or magnitude 
which would ordinarily influence a taxonomist. 

No correlation could be made between the re- 
sponses of these plants under controlled conditions 
with their responses in nature but the methods used 
should be applicable to studies of plant distribu- 
tion and the nature of species. 

William G. Kerckhoff Laboratories, 

California Institute of Technology, 

Pasadena, California 
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CULTIVATION OF EXCISED STEM TIPS OF ASPARAGUS IN VITRO 1 

Shih-Wei Loo 


Notwithstanding the success of plant tissue 
culture in the past two decades, the cultivation of 
stem tips of plants has made little progress. As 
early as 1922, Robbins reported work on the cul- 
turing of stem tips of peas, corn, and cotton in a 
Pfeifer solution in the dark with and without the 
addition of 2 per cent glucose or levulose. The stem 
tips of peas and corn cultured for periods of 29 
and 1 1 days, respectively, made considerable growth 
in the presence of carbohydrate and produced a 
number of roots. It was not until 1933 that another 
attempt was made by White to grow isolated stem 
tips, in this case of Stellaria media , in hanging drops. 
He showed that the stem tips developed well for a 
limited period in a modified Uspenski solution plus 
2 per cent dextrose and 0.01 per cent yeast extract. 
The author concluded: “It has been possible to main- 
tain such cultures actively growing for periods up 
to three weeks time. During this time there has oc- 
curred active cell division resulting in growth, ac- 
companied by differentiation of the undifferentiated 
meristematic tissues into leaves, stems, and floral 
organs bearing apparently normal stomata.” The 
results obtained by these two authors show that the 
stem tips either produced roots and became, there- 
fore, ordinary seedlings or cuttings, or they ceased 
to grow within a very short period. In the fall of 
1943, the writer found that the excised stem tips of 
asparagus can be cultivated in vitro through suc- 
cessive transfers in a synthetic medium. Such tips, 
unlike those used by Robbins and others, do not pro- 
duce roots and continue to grow as excised stems. 
This paper presents a part of the experimental 
results. 

Materials and methods. — The garden aspara- 
gus (Asparagus officinalis Linn.) was used exclu- 
sively in these experiments. The cultures were ob- 
tained as follows. Uniform seeds 2 were selected and 
germinated under sterile conditions in the dark at 
26 °C. for ten to twelve days. Stem tips 5 to 10 mm. 
in length were cut from the seedlings and trans- 
ferred aseptically to individual culture tubes con- 
taining 10 cc. of nutrient. Each stem tip was sup- 
ported by means of a small wad of pyrex glass wool 
so that only the lower end of the excised stem dipped 
into the nutrient solution. As a rule, fifteen stem tips 
were used for each treatment. All manipulations 
were carried out aseptically in an inoculation room 
sterilized by means of an ultraviolet lamp and 
sprayed with an antiseptic mixture. 

The composition of mineral salts in the nutrient 
solution was essentially the same as that used by 

1 Received for publication September 6, 1944. 

The author wishes to express his appreciation to Pro- 
fessor James Bonner for his many suggestions throughout 
this work and also to Professor F. W. Went for his keen 
interest and advice. 

2 The, writer wishes to thank Mr. S. Winter of the Cali- 
fornia Packing Corporation for the seeds. 


Bonner (1943) for isolated roots. This basic medium 
(BM) is prepared by dissolving in one liter of redis- 
tilled water 236 mgs. Ca(No3)2*4H 2 0, 36 mgs. 
MgSQ4*7H 2 0, 81 mgs. KNO3, 65 mgs. KC1, 20 mgs. 
KH2PO4 and 1.5 mgs. ferric tartrate. A number 
of physiologically active substances and various 
amounts of sucrose were added to the medium as 
described below. 

Pyrex glass, chemicals of chemically pure grade, 
and redistilled water from a pyrex glass still were 
used exclusively. All of the cultures, unless other- 
wise stated, were kept in the air-conditioned culture 
room at 26 °C., either in complete darkness, under 
diffuse daylight, or under continuous artificial illu- 
mination (40-watt daylight fluorescent Mazda 
lamp). The length increment of the stem tips was 
used as the criterion for growth. 

Potentially unlimited growth. — On Novem- 
ber 2, 1943, seven 5 mm. stem tips were transferred 
to petri dishes containing 20 cc. of nutrient solution 
(BM plus 2 per cent sucrose, 0.1 mg. each of thia- 
mine and of pyridoxine per liter). They were placed 
in diffuse light near a north window. The stem tips 
changed their color from light yellow to green be- 
tween the second and fifth day of cultivation, the 
change starting at the tip and progressing down- 
ward. Although the tips were not measured accu- 
rately, they made rapid growth (10 mm. or more) 
during a seven-day period. After seven days, tips 
5 mm. long were removed from the initial stems and 
transferred to tubes containing 10 cc. of fresh me- 
dium. Thereafter, all the cultures were made in the 
following standard way: The stem tips were sup- 
ported by a wad of glass wool in culture tubes con- 
taining 10 cc. of nutrient solution. Measurements 
of the lengths of the tips were made in each succes- 
sive subculture after the second transfer. The re- 
sults are summarized in table 1. 

One of the seven stem tips was taken out at the 
end of the fourth transfer and compared histologi- 
cally with the apical stem portion of a normal plant. 
The arrangement and cell size of meristematic tis- 
sue, as well as of the differentiated tissues, were 
substantially the same in the two cases. At the end 
of the fourteenth transfer another tip was sacrificed 
for the same purpose with similar results. It should 
be pointed out that some of the stem tips m vitro 
produced fewer cladophylls 3 than normal plants, 
especially when the cultured shoots were subcul- 
tured at short intervals. This is probably an after- 
effect of the wound caused by cutting. Cultures kept 
In the light for long periods produced as many clado- 
phylls as normal plants. 

During the first nine transfers, the stems made an 
average of 0.5 to 2.0 mm. of growth in length per 

3 The leaves of this plant are reduced to scale-like bracts 
and the leaf functions are taken over by special sterile 
twigs of limited growth known as cladophylls. 
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Table 1 . Growth of excised stem tips of asparagus in successive transfers in light (Exp. A-l). 


Transfer 

number 

Length of 
transfer 
interval, days 

Average 
growth 
in mm. 

Average 
growth in 
mm. per day 

Comments 

1 

7 



BM + 2% sucrose; 0.1 per 

2 

15 

10.9 

0.7 

liter thiamine, pyridoxine, 

3 

5 

10.0 

2.0 

under diffuse light. 

4 

9 

9.2 

1.0 


5 

7 

8.7 

1.2 


6 

10 

9.3 

0.9 


7 

11 

4.6 

0.4 


8 

10 

5.2 

0.5 


9 

22 

11.0 

0.5 


10 

12 

3.7 

0.3 


11 

16 

1.4 

0.1 

Same, but under continuous 

12 

20 

1.6 

0.1 

light and 3% sucrose. 

13 

23 

1.9 

0.1 


14 

11 

1.1 

0.1 


15 

19 

6.1 

0.3 

Same, but under diffuse light 

16 

15 

3.2 

0.2 

and 2% sucrose. 

17 

15 

6.5 

0.4 

18 

9 

3.8 

0.4 


19 

20 

11.7 

0.6 

BM + 25 mgs. succinic acid, 
100 mgs. (NH 4 ) 2 S0 4 per 
liter. 

20 

20 

6.2 

0.3. 

Same, but 1% sucrose. 


day. In the tenth transfer the sugar concentration 
was increased to 3 per cent, and the plants were at 
the same time placed under continuous artificial 
light. The growth rate dropped abruptly. In the fif- 
teenth transfer the original conditions were re- 
stored^ and the growth rate climbed slowly toward 
its original level. 

Occasionally lateral buds developed on the cul- 
tured stems. When these lateral buds were excised 
and cultured; their growth resembled that of the 
main stem tips. In this way; the number of stem tips 
in the original culture series has been increased. It 
may also be possible to establish clones by this 
means. At present; however; no clone of more than 
three tips has been established. The original aspara- 
gus stem tips have been maintained through twenty 
successive transfers over a period of nine months 
and the cultures continue to grow at a rate com- 
parable to the initial rate. It seems; therefore; safe 
to conclude that the growth of excised asparagus 
stem tips is potentially unlimited so far as the pres- 
ent cultures are concerned. 

Growth in light and dark. — In one series of 


cultures; stem tips were grown under three different 
light conditions: diffuse daylight; continuous artifi- 
cial illumination; and complete darkness. The results 
of this experiment are summarized in table 2. Stem 
tips in diffuse daylight produced more nodes than 
did those in continuous light; and the rate of elonga- 
tion was more rapid. On the other hand; the number 
of cladophylls produced was the same under these 
two conditions. 

The third lot of stem tips; that which was grown 
in the dark; made more growth than either of the 
others in the first transfer. These stems were sub- 
cultured through seven transfers; the data of which 
are given in table 3. The growth rate decreased from 
3.6 mm. per day in the first transfer to zero in the 
seventh transfer. It is highly probable that sub- 
stances needed for growth of asparagus stems and 
present in the original tip were depleted during the 
successive transfers. Stem tips growing in light; on 
the contrary; were able to synthesize at least small 
amounts of all of the substances necessary for un- 
limited growth; as shown in the preceding section. 
Stem tips grown in the dark were typically etiolated 


Table 2. Growth of excised asparagus stem tips in basic medium + 3% sucrose , 0.1 mg. per liter 
of thiamine and pyridoxine under different light conditions at 26° O. (Exp. A-18-1). 


Average ■ Average 

growth Average number 

(15 tips) in growth in of nodes 

Treatment 18 days (mm.) mm. per day per stem Cladophylls 


Normal day 

Continuous artificial illumination . . 
Darkness ........................ 


36.5 

2.3 

7.7 

numerous 

24.7 

1.4 

4.4 

numerous 

65.0 

3.6 

3.6 

none 
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Table 3. Growth of excised asparagus stem tips in succes- 
sive transfers in dark at %6°G. 3 in basic medium + 4% 
sucrose and 0.1 mg. per liter of thiamine and pyri- 
doxin e. (Exp. A-18-2S) 


Number of 
transfer 

Length of 
transfer 
interval 

Average 
growth 
in mm. 

Growth in 
mm. per day 

P 

18 

65.0 

3.6 

2 

20 

51.0 

2.6 

3 

20 

36.6 

1.8 

4 

20 

23.4 

1.1 

5 

20 

10.0 

0.5 

6 

20 

2.4 

0.1 

7 

20 

0.5 

0.0 


11 3 cfc sucrose was used in the first transfer. 


in that they were elongated, produced relatively few 
nodes (table 2), and failed to produce cladophylls 
and lateral buds. Lateral buds did, how r ever, develop 
occasionally after decapitation of the stem. 

Effect of sugar.— It has been shown above that 
sucrose is a suitable carbon source for excised as- 
paragus stems. A series of experiments was carried 
out to determine the optimum concentrations of su- 
crose for growth in dark and in continuous artificial 
light. Typical results are shown in table 4 and fig- 
ures 1 and 2. The stem tips grown in the dark were 
etiolated as were those described in the previous 
section. In the case of stem tips grown in the dark, 
growth increased with increasing sugar concentra- 
tion during the first ten days of cultivation. The sub- 
sequent growth (second and third 10-day intervals) 
was, however, decreased or retarded by sugar con- 
centrations higher than 4 per cent. It would seem, 
therefore, that 4 per cent is close to the optimum 
sucrose concentration for the growth of asparagus 
stem tips in the dark. Lower sugar concentrations 
were, however, optimal for the growth of stem tips in 
the light. Appreciable growth took place in the 
absence of added sugar. Concentrations of 0.5 and 
one per cent sucrose made the best growth; higher 
concentrations showed inhibition effects, especially 
when the concentration was raised above 3 per cent. 
Stem tips in nutrient media containing more than 2 


per cent sucrose became deep violet in color owing 
to the formation of anthocyanins. 

Effect of accessory substances. — A number of 
physiologically active compounds were investigated 
for their effects on the growth of the stem tips in 
vitro. The compounds were added to basic medium 
containing 4 per cent sucrose. The composition of 




Fig. l(a, b). The effect of sucrose concentration on the 
growth of excised asparagus stem tips (Exp. A-21). 

the media and the results of these experiments are 
given in table 5. Among the various compounds, 
succinic acid, aspartic acid, and ammonium sulfate 
showed some effect in increasing the growth of the 
stem tips in the initial transfer. The effects of these 
three compounds were, however, not significant 


Table 4. Average growth of asparagus stem tips in basic medium + thiamine and pyridoxine 
(0.1 mg. per liter ) at 26°Q. under light or in dark with different sucrose concentrations . 
(Exp. A -10 ) . 


0% 1% ‘ 2% 3% 4% 6% 8% 


no days 0.5 8.6 9.1 9.7 20.5 23 A 28.3 

Dark i20 days 0.6 14.8 10.9 9.3 11.7 15.0 9.2 

[30 days 0.8 18.1 13.4 10.0 11.8 5.3 2.2 

Total length 1.9 41.5 33.4 29.0 44.0 43.7 39.7 

HO days 5.7 26.0 20.0 18.5 15.0 13.0 14.3 

Light \m days 9.0 8.5 3.3 5.6 3.0 0.9 0 

[SO days 8.8 5.5 4.5 4.4 1.2 1,1 0.4 

Total length 23.5 40.0 27.8 28.5 19.2 15.0 14.7 
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Fig. 2. Excised asparagus stem tips growing in the dark or in continuous light in media containing various amounts 
ot sucrose (two samples shown per treatment). (Exp. A-19). 


when the stem tips were maintained through succes- 
sive subcultures. 

Discussion.— It has been found possible to main- 
tain and grow many plant tissues and organs in 
sterile culture. However, successful culture of the 
excised stem tip has not been reported previously. 
Attempts to grow excised stem tips usually have re- 
sulted in rooted cuttings or in complete cessation of 
growth within a short period. As shown in the pres- 
ent work, however, the excised stem tips of aspara- 
gus grow continuously as stems and produce roots 
very rarely if at all. This indicates that all of the 
materials needed for stem growth can be synthe- 
sized in the excised asparagus stem tip under suit- 
able conditions. An exceptional case was found in 
which two of the stem tips (Exp. A-18-1, diffuse 
day light) produced adventitious roots, probably 
owing to hypocotyl tissue having been inadvertently 
included in the culture. The appearance of these 
roots increased the growth rate by three to four times 
over that found with rootless cultures. Normal in- 
tact seedlings under similar conditions grew 16 to 
18 mm. per day. It is clear that, although excised 
asparagus stem tips can continue to grow through 


numerous transfers over a prolonged period of time, 
this growth is at a slow rate compared to that of the 
normal seedling or compared to the rate attained 
by rooted asparagus stems. The effect of roots in 
increasing growth rate might be due to increased 
ability to the plants to take up water or nutrient 
from the medium or to the production by the root of 
one or more special stem growth-promoting sub- 
stances (Went, 1938). 

It is of interest to note that neither the compounds 
which have been shown to function as root growth 
substances (thiamine, pyridoxine, nicotinic acid, and 
glycine) nor the leaf growth substance, adenine, had 
any influence on the growth of excised asparagus 
stem tips. 

From the results described above, it seems that 
there are two groups of factors or substances which 
promote the growth of excised asparagus stems. Sub- 
stances of one group are produced in the stem in the 
presence of light but not in the dark; in the second 
group is the factor or substance transferred from the 
root system. The former substances are essential for 
the growth of the stem since, as shown above, the 
growth rate of stem tips in the dark decreased to 
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Table 5. Average growth of stem tips of asparagus in basic medium -f* sucrose in dark at @6° 0. ( in mm.). 15 cul- 
tures in each treatment. 


Exp. A-23 


Exp. A-24 

(Transfer interval 10 days) 


Culture 

number 


Treatment 


Control (BM 


#1 nicotinic acid 0.5 mg. per liter. 


#1 -f succinic acid 25 mg. per liter. 


#1 + aspartic acid b 100 mg. per liter. 
#1 + glutamic acid 100 mg. per liter. . 
-f- (NH 4 ) 2 S0 4 100 mg. per liter.. 


#1 + asparagine 1 gm. per liter 

#1 + indole-acetic acid 0.1 mg. per liter.. 
#1 + indole-acetic acid 1.0 mg. per liter.. 
#1 + indole-acetic acid 10.0 mg. per liter. 


10 

days 

20 

days 

First 

transfer 

Second 

transfer 

Third 

transfer 

23.1 

45.5 

27.8 

22.6 

9,6 

39.0 

61.0 

32.2 

21.0 

11.2 

33.5 

47.0 

29.6 

20.0 

9.6 

23.4 

47.7 

34.2 

21.0 

9.5 

34.6 

53.0 

33.7 

16.0 

6.1 

34.7 a 

72.0 a 

35.0 

22.8 

9.7 

37.5 

61.0 

35.0 

24.0 

8.8 

34.7 

53.7 

41.7 

22.5 

9.6 

36.5 

82.0 

34.3 

20.5 

12.0 

38.2 

66.0 

37.0 

' 21.2 

10.7 

39.5 

54.0 

30.0 

19.5 

9.1 

27.4 

47.0 

24.0 

20.0 

11.1 

36.6 

71.8 

35.5 

21.0 

10.7 

22.2 

45.0 

31.6 

17.0 

4.5 

42.8 

71.5 

29.0 

27.6 

16,4 

36.4 

54.5 

28.3 

25.6 

13.0 

29.8 

52.0 




29.6 

65.0 




21.4 

51.5 




9.4 

20.0 




5.2 

9.5 





a .Only 3 out of 15 stem tips survived due to an accident. 
b Neutralized. 

zero during seven successive transfers. The root fac- 
tor also greatly accelerates the growth of stems. 
This factor, if it is a chemical substance, may be 
synthesized in limited amounts by the stem, or it 
may be beneficial but not essential to stem growth. 

SUMMARY 

It has been shown that the excised stem tips of 
Asparagus officinalis were able to grow without the 
formation of roots in a synthetic medium in vitro 
under light. A series of cultures was maintained for 
nine months through twenty successive transfers. 
It is probable that this growth is potentially un- 
limited. 

In darkness, growth of the excised stem tips was 
decreased through successive transfers and stopped 
entirely in the seventh subculture. 

Relatively high sugar concentrations in the nu- 
trient are required for growth in the dark. On the 
contrary, lower sugar concentrations favor growth 
in light. 

A number of compounds have been tested of which 
succinic acid, aspartic acid and ammonium sulfate 


promoted asparagus stem growth in the first trans- 
fer but not in the second or third transfers. 

It appears probable that there are two groups of 
stem growth substances involved. One group is syn- 
thesized in the stem tip in the light and the other is 
produced in the root system. 

William G. Kerckhoff Laboratories, 

California Institute of Technology, 

Pasadena, California 
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VASCULARIZATION OF THE VEGETATIVE SHOOTS OF HELIANTHUS AND 

SAMBUCUS 1 

Katherine Esau 


Along with Linum perenne , considered in a pre- 
vious article (Esau, 1943a), certain other plants 
were examined to determine the course of develop- 
ment of the first vascular elements in vegetative 
shoots. The present paper describes the differentia- 
tion of the first phloem and xylem in the shoots of 
Helianthus annum L. and Sambucus glauca Nutt. 
These two plants were chosen because, having large 
leaves and trilacunar or multilacunar nodes, they 
strikingly contrast with Linum, perenne which has 
small leaves and a single trace 2 per leaf. 

Material and methods. — The sunflower plants 
were raised in a greenhouse and the elderberry was 
growing wild in the vicinity of Davis, California. 
Five shoots of Helianthus and one of Sambucus 
were sectioned transversely, several others longi- 
tudinally. Ordinary paraffin and staining methods 
were used in preparing the slides. Some of the pre- 
pared slides were kindly supplied by Dr. R. H. Wet- 
more of Harvard University. In the examination of 
the sections the same procedure was followed as that 
outlined in connection with similar studies on flax 
(Esau, 1942, 1943a). In all illustrations the leaves 
were numbered beginning with the youngest at the 
apex of the shoot. If the leaves were paired at the 
nodes, the two members of the pair received different 
numbers, though the two leaves were of the same 
age. Such numbering was convenient for the mark- 
ing of the traces within the stem. To simplify the 
descriptions of the shoots, all leaves including the 
youngest, are spoken of as “leaves” and the terms 
“embryonic leaves” or “leaf primordia” are rarely 
employed. 

Helianthus . — Table 1 characterizes the five sun- 
flower plants used for detailed study. All were young 
plants and showed no evidence of a change from the 
vegetative to the reproductive stage of development. 
Column 2 in table 1 gives the numbers of foliage 
leaves in the five plants. Besides these leaves each 

1 Received for publication September 12, 1944. 

3 The term “trace” is applied throughout to each bundle 
which extends to a leaf. 


plant had two cotyledons. As Priestley and Scott 
(1936) have reported, Helianthus does not have a 
stable type of leaf arrangement. The first few leaves 
are more or less decussate (fig. 2), later the phyllo- 
taxis changes to some spiral system (fig. 9). Con- 
comitant with this variability in leaf arrangement, 
the relation of the leaf traces to each other within 
the axial vascular skeleton shows no stable pattern. 
Each leaf usually has three traces, one larger, me- 
dian and two smaller, lateral ones; occasionally 
there are more. (Leaf 15 of shoot 5 had four traces.) 

The apex of a Helianthus shoot in vegetative stage 
does not form a cone; instead, it has a flat surface 
and the newly forming leaves arise as mounds on 
the margins of this surface (fig. 1). The internodes 
associated with the youngest leaves do not elongate 
for a number of plastochrones so that several leaves 
at the apex are attached at close levels. The axis 
expands laterally just below the apical meristem 
and, in longitudinal sections, appears to form broad 
shoulders on either side of it. The uppermost leaves 
rest upon these shoulders (fig. 1). In transverse 
sections the stem apex occurs, even at its highest 
level, not as a separate entity but is continuous with 
a mass of tissue formed by the united bases of sev- 
eral leaves (fig. 3). 

The procambium was not studied in as much de- 
tail in the sunflower as in the flax (Esau, 1942) and 
the matter of the longitudinal course of procambial 
formation will not be commented upon in this paper. 
Procambial differentiation was usually evident in 
connection with leaves that were recognizable as 
small elevations above the apex ; but no procambial 
strands were found that could have been interpreted 
as traces to future leaves whose primordia had not 
yet arisen. As in the flax (Esau, 1942), the procam- 
bium of the youngest organs is initiated through a 
series of longitudinal divisions. Figures 4 to 7 show 
the beginning of procambial differentiation in leaf 1 
of the shoot depicted in figures 2 and 3 ; and figure 8 
illustrates a portion of the procambial strand of 


Table 1 . Description of Helianthus shoots used in study of initial vascularization . 


Plant 

number 

Number of 
foliage 
leaves in 
plant 

without 

mature 

vascular 

elements 

Number of leaves 

without 

mature 

xylem 

elements 

with mature 
phloem 
elements 
only a 

Height in microns of youngest 
leaf with a mature sieve 
tube within 

trace in the leaf bundle 

the axis above shoot apex 

1 

6 

0 

4 

Q 

278 

2800 

0 

8 

2 

4 

2 

0 

960 

3 

8 

1 

4 

3 

120 

760 

4 

10 

4 

6 

2 

0 

1140 

5 

18 

4 

, 7 

3 

581 

1134 


a The values in this column represent differences between the values in column 4 and those in column 3. 
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Fig. 1-3.— Fig. 1. Median longitudinal section of a Helianthus shoot showing the apical meristem and leaves in dif- 
ferent stages of development. — Fig. 2 and 3. Transverse sections of a somewhat younger shoot than in figure 1. The 
section in figure 2 was taken 80 microns above the apex; that in figure 3, 8 microns below the apex. All figures X 35. 


leaf 2 of the same shoot. After these initial and some lar elements in Helianthus is generally similar to 

subsequent divisions the procambial cells remain that established for flax (Esau, 1943a). Xylem ele- 

small in their transverse dimensions while the adja- ments were found to mature first in the leaf and the 

cent parenchyma cells continue to enlarge in all upper parts of the traces, then in the lower parts of 

directions. Thus gradually the procambial strands the traces that were connected with some other, 

become clearly defined in transverse sections as older traces. In all five plants the first xylem ele- 

islands of small cells among larger, non-procambial ments formed long vertical series so that the exact 

cells (fig. 15). While at first the longitudinal divi- place of the initial xylem maturation could not be 

sions occur in all planes, somewhat later the tangen- determined as closely as in the flax. (Compare fig. 

tial longitudinal divisions begin to predominate so 14 of this paper with fig. 9 in Esau, 1943a.) Some 

that when the first sieve tubes differentiate in a of the lateral traces had shorter series of elements 

bundle the procambial cells show radial seriation and these extended through the base of the leaf and 

(fig. 15). This feature becomes still more prominent the uppermost part of the trace. These observations 

when the future tracheary elements begin to enlarge suggest that, once initiated, xylem maturation pro- 

and vacuolate: these elements occur in radial files gresses very rapidly through a considerable length 

separated from each other by xylem parenchyma of the leaf bundle and trace and that this differentia- 

(fig. 16). Thus as in many other vascular plants tion is acropetal within the leaf proper, and basi- 

(see review by Esau, 1943b) the procambium in petal within the axis. 

Helianthus resembles the cambium in forming de- The first phloem was seen to differentiate acro- 
rivatives in radial series. petally from some trace of an older leaf into that of 

The first sieve tubes are readily detected among a younger, and through the young trace into the 

procambial and adjacent phloem cells that are still leaf. As in flax, however, the maturation of the first 

rather densely cytoplasmic (fig. 15 and 16). With phloem elements was not entirely continuous: in 

increasing vacuolation of the vascular bundles the some traces the longitudinal series of sieve-tube 

sieve tubes become less distinct, but one can in a elements consisted partly of immature elements in- 
doubtful instance follow a given element through a terpolated among the mature ones (fig. 14). Table 1 

series of sections until a sieve plate is encountered. (columns 6 and 7) shows that the youngest leaves 

Sometimes the oil ducts resemble sieve tubes but having the first mature phloem elements in the trace 

these are located outside the vascular bundles (fig. or in the leaf proper vary greatly in size in different 

16). The definitions of mature and immature sieve- plants. (The height of each of these leaves was 

tube and xylem elements have been given previously measured between the apex of the leaf and its base, 

(Esau, 1942 ). The conducting elements of the xylem where it was attached to the stem.) Judging by 

are referred to throughout as “tracheary” or “xylem columns 3 to 5, there is also some variation in the 

elements,” though they appear to be vessel elements distance between the apex and the leaves which show 

and have been so identified by Priestley and Scott the first mature vascular elements. (In columns 3 

(1936) . and 5, a leaf that had a mature sieve tube in its trace 

The direction of differentiation of the first vascu- but not yet in the leaf proper was counted as one 
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having mature phloem elements; e.g., leaf 5 in fig. 
9-13.) In other words,, the number of plastochrones 






Fig. 4-8. — Fig. 4-7. Successive transverse sections 
through the youngest leaf (leaf 1) of the Helianthus 
shoot illustrated in figures 2 and 3. The four sections 
were taken the following number of microns below the 
apex of the leaf: 21, 42, 63, and 84. The lowermost of 
these sections occurred beneath the attachment of leaf 1 
to the axis.— Fig. 8. Transverse section through the same 
shoot as above but showing the procambial strand of 
leaf 2 in the region where this strand was diverging into 
the leaf. In the figures 5 to 8 the nuclei indicate the 
cells that resulted from recent longitudinal divisions. All 
figures X 350. 


during which a leaf remains free of one or the other 
or of both kinds of vascular elements varies in dif- 
ferent plants. In the group of sunflower plants used 
in this study^ leaves developed no vascular elements 
in their procambial bundles during 1 to 4 plasto- 
chrones; they had mature phloem elements not ac- 
companied by xylem during 2 to 3 plastochrones; 
and they were lacking xylem during the total of 4 to 
7 plastochrones (column 3 plus column 5). One 
feature is consistent: within a given leaf the first 
sieve-tube elements mature before the first xylem 
elements. The common pattern is as follows: the 
vascular elements mature first in the median trace, 
then in the lateral ones ; and the first xylem matures 
in the median trace after some phloem appears in 
the lateral traces (fig. 14). 

Figures 2 to 14 give details concerning some of 
the plants described in table 1. The photomicro- 
graphs in figures 2 and 3 were taken from plant 3 
and give an idea of the relative degree of differentia- 
tion of the leaves on this plant. (The leaf portions 
occurring in the corners of these photographs belong 
to the cotyledons.) Leaf 1 showed procambial dif- 
ferentiation but no mature vascular elements (fig. 
4-7). The median procambial strand of leaf 2 had, 
in its lower axial portion, a mature sieve tube that 
was continuous with the phloem of a lateral trace of 
leaf 6. The lateral strands of leaf 2 were not yet 
differentiated, though some longitudinal divisions 
were discernible in the future positions of these 
strands. The median strands of leaves 3 and 4 had 
mature sieve tubes in the axis and in the leaves 
proper, the lateral strands in their axial portions 
only. The median strand of leaf 3 with its first sieve 
tube is depicted in figure 15. Leaf 5 had five mature 
sieve tubes and the first mature xylem elements (fig. 
16) that were not yet connected with the xylem in 
the axis. The xylem of leaf 6 was also discontinuous. 

Figures 9 to 13 illustrate the trace relationships 
at successive levels of the axis and the course of the 
first xylem and phloem in plant 5. Though in the 
younger leaves the numbers of dots represent the 
actual numbers of sieve tubes visible in the sections, 
in the larger traces the counts were only approxi- 
mate. This is particularly true of the lower levels 
of the axis where obliteration of the first phloem 
elements had occurred in the larger traces. Such 
areas of obliteration have been left blank in the large 
bundles of figures 12 and 13. After the obliteration 
of the sieve tubes sclerification of cells occurs in the 
primary phloem region and the sclerenchymatous 
bundle caps characteristic of Helianthus are formed. 
Thus, as in many other plants, the bundle caps in 
Helianthus originate as parts of the primary phloem 
and not as parts of the so-called “pericycle.” 

In plant 5 the leaves 1 to 10 were the following 
numbers of microns high: 10, 112, 238, 350, 581, 
1134, 1211, 1617, 2380, and 3024. The apices of 
the other eight leaves were not available on the 
slides. The procambial strand of leaf 1 was not 
identified with certainty. Leaves 2 to 4 had three 
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Fig. 9-13. — Successive transverse sections through a Helianthus shoot showing the arrangement of the vascular bun- 
dles. — Fig. 9. Section through the apex and 11 leaves surrounding the apex. — Fig. 10-13. Sections through the axis (and 
the attached leaf bases) taken, respectively, the following number of microns below the apex: 56, 203, 574, and 1635. 


obtained within the first 200 microns below the apex 
(fig. 10). Below the node of leaf 11 (fig. 11) mature 
sieve tubes appeared in some traces that lacked 
these elements at higher levels. Thus mature phloem 
elements occurred here in the median trace of leaf 5 
and in the two laterals of leaf 7. The cathodic 8 lat- 
eral of leaf 2 was merged., at this level* with the 
anodic 3 lateral of leaf 5. The cathodic lateral of leaf 
3 appeared here in the form of two branches flanking 
the median trace of leaf 10. Similarly* the anodic 
lateral of leaf 4 branched above the gap of the 
anodic lateral of leaf 11. 

3 “Anodic” turned toward, “cathodic” turned away from 
the course of the genetic spiral along which the leaves are 
arranged. 


procambial strands each and no mature vascular 
elements. The procambial strands were connected 
with some older traces in the axis. At the level of 
figure 9 the procambial strands of leaf 5 were free 
of mature vascular elements; farther down a sieve 
tube occurred in the median trace 5 (fig. 11). Thus 
in plant 5* leaf 5 was the youngest with a mature 
phloem element in the trace (table 1* columns 3 and 
6). Leaf 6 was the youngest having a mature sieve 
tube within the leaf proper (table 1* column 7) ; and 
leaf 8* which was 1617 microns high* the youngest 
with some mature xylem (fig. 9). 

The numbers of the mature vascular elements in 
the various leaf bundles were about the same in the 
section cut at the apical level (fig. 9) and in those 




AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 


e 

mm 


Lege/? a 

mma/i/re xy/em e/emenfs 



Fig. 14. — Diagram illustrating the longitudinal course of development of the first phloem and xylem in a Helianthus 
shoot. Further explanations in text. 


Between the levels of figures 11 and 12 the fol- 
lowing changes in bundle orientation were perceived. 
The traces of the leaves 12 to 14 became parts of 
the vascular cylinder. The anodic laterals of leaves 
6 and 2 and a branch of the cathodic lateral of leaf 3 
fused into one bundle; farther down this compound 
(sympodial) bundle branched above the anodic lat- 
eral of leaf 12 (fig. 12, bundles 6-3 and 6-2 on the 
sides of bundle 12). The cathodic lateral of leaf 6 
branched above the cathodic lateral of leaf 12 and 
one of these branches fused with the sympodium 
that included the anodic lateral of leaf 5 and the 
cathodic lateral of leaf 2. One branch of the anodic 
lateral of leaf 4 fused with the median trace of leaf 
8 ; the median of leaf 4 with the cathodic lateral of 
leaf 8 ; and the cathodic lateral of leaf 4 with a 
branch of the anodic lateral of leaf 7. The two 


branches of the anodic lateral of leaf 7 appeared 
above the gap of the anodic lateral of leaf 13. The 
median trace of leaf 7 and the anodic lateral of leaf 
3 fused and farther below the compound bundle 
branched above the median trace of leaf 13, The 
median trace of leaf 3 and one branch of the cathodic 
lateral of the same leaf merged with the cathodic 
lateral of leaf 7 ; as was mentioned previously, the 
other branch of the cathodic lateral of leaf 3 fused 
with the anodic lateral of leaf 6. The anodic lateral 
of leaf 8 branched above the median trace of leaf 14 
and the branches fused, one with the cathodic lateral 
of leaf 9, the other with the cathodic lateral of leaf 5. 
The median trace of leaf 8 shows no xylem in figure 
12; the first and only series of mature xylem ele- 
ments of leaf 8 ended about 500 microns below the 
stem apex. The median trace of leaf 2 is still dis- 
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Fig. 15-19.— Fig. 15 and 16. Transverse sections of the median vascular bundles of leaves 3 (fig. 15) and 5 
of the Helianthus shoot illustrated in figures 2 and 3. X 760.— -Fig. 17-19. Transverse sections of vascular buncl 
from one section of a young Sambucus stem. X 360. Details are: ob , obliterated xylem and phloem element 
duct; s, sieve tube; x, xylem element. 


trate the complexity of the vascular system of a 
plant having more than one trace per leaf and, be- 
sides this, undergoing a change in phyllotaxfa during 


Crete at the level shown in figure 12, while those of 
leaves 3 and 4 are fused with some older traces. 
The details presented above will suffice to illus- 
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Fig. 20-23. — Successive transverse sections through a Sambucus shoot showing the arrangement of the vascular bun- 
dies. — Fig. 20. Section through the apex ( A ) and 4 pairs of leaves surrounding the apex. — Fig. 21-23. Sections through 
the axis taken, respectively, the following number of microns below the apex: 290, 1100, and 1930. All figures X 37. 


its development from seedling to maturity. Attention 
to such details is indispensable in a study of the 
course of the first vascular elements. 

Since the earliest xylem and phloem elements are 
the primary objects of the present study, only the 
youngest traces will be considered in the stem re- 
gions below that shown in figure 12. The median 
procambial strand of leaf 2 fused with the sympo- 
sium consisting of the anodic lateral of leaf 9 and a 
part of the cathodic lateral of leaf 6. From this 
sympodium (9-6-2 in fig. 13) the first sieve tube 
would have differentiated into the median trace of 
leaf 2. The median of leaf 3 would have received its 


sieve tube from the 7-3 (fig. 12) or the 10-7-3 com- 
plexes (fig. 13). The purely procambial traces of 
leaf 4 were fused with the traces of leaves 7 and 8 
at the level depicted in figure 13. The laterals of 
leaf 5 that also lacked mature vascular elements are 
parts of compound bundles with the traces from 
leaves 2, 6, 8, and 9 in figure 13. The median trace 
of leaf 5 had a mature sieve tube for a length of 
about 800 microns which shows in figure 12. At levels 
where the median trace of leaf 5 was partly merged 
with the cathodic lateral of leaf 9 (the sieve tubes 
of the two traces were not fused at these levels) the 
sieve tube of leaf 5 consisted of immature elements. 


i 



Fig. 24. — Diagram illustrating the longitudinal course of development of the first phloem and xylem in the same 
Samhucus shoot as illustrated in figures 20-23. Further explanations in text. 


The same sieve tube could be followed in the com- shown in figure 12; that of both laterals of leaf 11 

pound bundle 9-5 and its anodic branch appearing and of the complex 10-12 (median of leaf 10 and 

on one side (upper side in fig. 13) of the cathodic anodic lateral of leaf 12) reached somewhat below 

lateral of leaf 15. It was immature through 50 mi- the level of figure 13. Thus three leaves, 8, 9, and 10, 

crons, mature farther below through 648 microns, which were, respectively, 1617, 2380, and 3024 mi- 

then again immature down to the level where the crons high, had no mature xylem connections with 

9-5 branch containing this sieve tube merged with the older leaves within the 1.5 cm. of stem sectioned 

the anodic lateral of leaf 14 (3910 microns below from plant 5. 

the apex). The sieve tube of the median trace of Using the data from the serial transsections of 
leaf 6 was mature throughout, and at the level of plant 4 the diagram in figure 14 was prepared. To 

figure 1 3 was fused with a sieve tube of the cathodic simplify the picture the leaves were placed alter- 

lateral of leaf 10. The sieve tubes of the traces of nately on the two sides of the apex and the features 

leaves 7 and 8 had mature connections with the of decussation and spiralization in the leaf arrange- 

pliloem of older traces. The sieve tube of the com- ment were disregarded. Since the leaves represented 

pound bundle 8-5 (actually the sieve tube of the in figure 14 were all joined at the level of the apex, 

anodic lateral of leaf 8) was immature in its lower in the diagram they are shown connected by a hori- 

levels (bundle 8-5 in fig. 12 and 13). The xylem zontal line passing through the apex. Longitudinally, 

elements of the 9-6-5 complex (xylem of the median the parts of the diagram were drawn to scale ; hori- 

trace of leaf 9) were immature at the 1635 micron zontally, only the convenience of arrangement of 

level (fig. 13) and had no secondary walls farther parts on the diagram was considered. The intercom 

below. The mature xylem of the cathodic lateral of nections of traces are not shown because the vascular 

leaf 10 continued part way down below the level strands of leaves 5 to 8 were connected with the 
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traces of leaves older than the eighth — leaves not 
represented in the figure. The vascular bundles are 
shown interrupted in the basal part of the diagram 
at levels where they were connected with the traces 
of the older leaves. For example, the median traces 
of leaves 5 and 6 (M5 and M6) were connected with 
some other traces below the 1 mm. mark on the dia- 
gram. The laterals of these leaves (L5 and L6) were 
joined to other traces at somewhat higher levels than 
the medians. The leaves I to 4 had no mature vascu- 
lar elements and their procambial bundles were not 
represented in the diagram. 

In leaves 5 and 6 some sieve tubes in the median 
bundles had differentiated in the region from the 
union of these bundles with that of other traces to 
nearly the apices of these leaves. In M5 only one 
sieve tube was mature through the whole length, the 
other consisted partly of immature elements. In M6 
both sieve tubes were partly immature. At their bases 
the traces had more mature sieve tubes than higher 
up. The first sieve tubes of the laterals (L5 and L6) 
began to differentiate later than those of the median 
traces as evidenced by their shorter lengths in the 
diagram; and one lateral of each leaf was ahead of 
the other in phloem differentiation. Of particular 
interest to the writer were the few immature sieve- 
tube elements in the left lateral of leaf 5 located 
below the base of the leaf and not connected — even 
by immature elements — with the sieve tubes of the 
same traces located lower in the axis. The presence 
of these elements indicates that, at least occasion- 
ally, sieve tubes may be initiated in isolated portions 
of a trace like the tr acheary elements. 

The leaves 7 and 8 had xylem in the median 
bundles (M7 and M8) but this xylem was connected 
with that of older traces by immature elements. In 
this diagram the xylem and phloem were recorded in 
detail throughout, including the leaf blades. The 
diagram shows that considerable xylem was present 
in the blades of leaves 7 and 8, and that none of this 
xylem had a mature connection with the xylem of 
the axis. The phloem of leaves 7 and 8 was consid- 
erably more mature than that of leaves 5 and 6. The 
slower differentiation of the laterals as compared 
with the median traces is illustrated by leaves 7 and 
8 also. 

Savnhucus . — The development of the vascular sys- 
tem of the elderberry shoot is illustrated in figures 
20 to 24. The vascular bundles of this shoot were 
followed from the apex down through five entire 
internodes and somewhat below the sixth node. Fig- 
ure 20 illustrates the decussate arrangement of the 
leaves (no leaflets occurred at this level, only the 
racheae of the compound leaves) characteristic of 
the genus. This section was cut at the level A in the 
diagram (fig. 24), that is, through the terminal por- 
tion of the shoot, and the shoot apex (A ) appears in 
the center of figure 20. The largest leaves in this 
shoot had, at their bases, seven bundles each. Within 
the axis the median and the four nearest lateral 
bundles were prolonged in the axis as five separate 


traces each diverging from a separate gap. The two 
members of a pair of leaves were fused at the base 
and here the most peripheral lateral bundles of the 
two leaves were united into a compound bundle. 
Each compound bundle was continued as a single 
strand within the axis. This feature is illustrated to 
the right and left in figure 21 (bundles 7 and 8) and 
above and below in figure 22 (bundles 9 and 10). 
Figure 21 was cut below the node of leaves 7 and 8, 
figure 22 below that of leaves 9 and 10, and figure 28 
above the node of leaves 11 and 12 and includes sec- 
tions of the axes of the two buds that occurred in the 
axils of leaves 11 and 12. 

The diagram in figure 24 represents the vascular 
system of one-half of the same shoot as in figures 20 
to 28. It is drawn as though the stem were cut in 
halves through the median traces of leaves 5, 6, 9, 
and 1 0, and the half bearing leaves 3, 7, and 1 1 was 
flattened out. Thus all of the traces of leaves 3, 7, 
and 1 1 are represented in the diagram, and only half 
of those of leaves 5, 6, 9, and 10. The traces of leaves 
4, 8, and 12 are represented only by the members of 
the compound bundles 3-4, 4-3, 7-8, 8-7, 11-12, 
and 12-11. The arcs above are diagrammatic out- 
lines of leaves 3, 7, and 11. The median traces of 
these leaves (identified by the letter M) appear in 
the center of the figure, those of leaves 5, 6, 9, and 
10 at its sides. The triangles at the upper ends of 
the traces indicate the approximate levels at which 
these traces diverged into the leaves. Among these 
triangles the larger ones mark the compound bundles 
consisting of the peripheral traces of pairs of oppo- 
site leaves (bundles 5-6, 7—8, 8-7, 10-9, 11-12, and 
12-11). As in the Helianthus diagram, the bundles 
were drawn to scale longitudinally; and the trans- 
verse distances between the traces were made such 
that the bundles could be conveniently accommo- 
dated in the diagram. The traces of the axillary buds 
were omitted in the diagram ; nor are the procambial 
strands of leaves 1 and 2 represented in this figure. 
No attempt was made to draw the actual number of 
the sieve tubes and of the series of tracheary ele- 
ments, as was done in the Helianthus diagram, and 
only the axial parts of the bundles are shown. 

The two youngest leaves 1 and 2 were each 30 
microns high and showed longitudinal divisions in 
their median portions (as seen in transverse sec- 
tions). Through these divisions the median pro- 
cambial strands were being organized. Leaves 3 and 
4 had attained the height of 460 microns. Each had 
three procambial strands at the level of the apical 
meristem (fig. 20), and five traces farther below. 
The compound bundles 4-3 and 3-4 (fig. 24) were 
not discerned with certainty. In figure 21, above, the 
median trace of leaf 3 appears as two bundles on 
the sides of the median trace 7 ; to the right and left 
of the median, four more traces of leaf 3 appear 
among other bundles (one lateral of leaf 3 is fused 
with a trace to leaf 6). The traces of leaf 4 show 
similar distribution on the opposite side of the stem. 
About midway between the nodes 7-8 and 9-10, one 
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of the branches of each median trace of leaves 3 and 
4 had mature sieve tubes (fig. 22 and 24) ; these con- 
tinued downward to their connection with the sieve 
tubes of the older traces. Each of the third pair of 
leaves (leaves 5 and 6) had sieve tubes in the median 
and two lateral traces and xylem elements in the 
median. The sieve tubes were connected with the 
sieve tubes of the older traces ; the xylem elements 
reached only to slightly below the insertion of the 
leaves (5M and 6M in fig. 24). Leaves 7 and 8 had 
sieve tubes in all traces and these were connected 
with the phloem strands from the older leaves. The 
youngest laterals in leaves 7 and 8 were still lacking 
mature xylem elements, and only the xylem of the 
median strands of these leaves had mature connec- 
tions with the older traces. Some of the xylem of 
leaves 9 and 10 was also discontinuous below the 
levels depicted in figure 24. The traces of leaves 11 
and 12 were available in their upper levels only. 

Figure 24 illustrates the continuous acropetal dif- 
ferentiation of the phloem elements and the discon- 
tinuous initiation of the xylem and its basipetal 
course in the axial prolongations of the leaf bundles. 
It also demonstrates that the first xylem and phloem 
of a given trace may be connected with older traces 
at different levels. Thus the xylem of 7M is con- 
nected with trace 10-9 at a higher level than the 
phloem of 7.M. Furthermore, the first xylem of 7M 
was not branched above the gap of the strand 1 0-9, 
whereas the phloem strand was forked here (fig. 
24). The later-formed xylem (but still protoxylem) 
branches at similar levels as the collateral phloem. 
Thus in figure 23, above, the trace 10-9 appears as 
two branches (above the gap of leaf 11 and its bud) 
including the phloem and most of the xylem. One 
xylem element, however, appears between these two 
bundles : this element belonged to a series that con- 
tinued straight down to the next lower trace of leaf 

11 (this xylem is not represented in figure 24). In 
other words, the first xylem elements differentiated 
through the so-called “gap/’ Since such elements 
are parts of the protoxylem they are soon obliterated 
and are not discernible in older stem regions. 

As figures 20 to 24 indicate, the trace interconnec- 
tions do not occur according to a very stable pattern. 
For example, the gap over llM (and its bud) occurs 
between the branches of the compound bundle 10-9 
(fig. 23, above, and fig. 24). The opposite 10-9 bun- 
dle, however, is not branched above the gap of leaf 

12 and its bud (fig. 23, below). A given trace may be 
branched at one level and appear as one bundle 
above and below the branching (fig. 24, phloem 
bundle on the extreme left). Because of such com- 
plexities the vascular tissues may become regrouped 
into bundles that are not identifiable as certain indi- 
vidual or compound traces. Thus the groups of bun- 
dles marked by brackets in figures 22 and 23 are 
branches of compound bundles formed by the traces 
of the leaves whose numbers appear outside the 
brackets and by the traces of the axillary buds of 
leaves 9 and 10. Nevertheless every bundle in this 
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series was related directly or indirectly to some ex- 
isting leaf or bud. 

Figures 21 to 23 show that the bundles within the 
young axis vary greatly in size. These variations, 
of course, depend on the differences in age of the 
leaves to which these bundles are related and also 
on the differences in size and, consequently, in time 
of initiation, between traces of the same leaf. Fig- 
ures 17 to 19 illustrate one large and two small (the 
central bundles in photographs 18 and 19) bundles 
from the same cross section of an internode that was 
comparable to the seventh internode of the shoot 
represented in figures 20 to 23. The largest bundle 
contains considerable xylem and phloem ; the bundle 
in figure 19 shows two xylem elements and some 
phloem, and the one in figure 18 contains phloem 
only. The bundle in figure 17- — a large lateral trace 
of a leaf attached at the nearest node above — was 
initiated early in the stem portion where it occurred 
and therefore it contains a high proportion of proto- 
phloem and protoxylem. In both tissues many con- 
ducting elements have been obliterated. The small 
bundles in figures 18 and 19, which began to differ- 
entiate later than the bundle of figure 17, have some 
protophloem with obliterated sieve tubes. The bun- 
dle in figure 19 shows a small amount of xylem, 
whereas that in figure 18 has none. The vascular 
meristem present in the bundles in figures 17 to 19 
is still in procambial state. The procambium of Sam- 
bucus like that of Helianthus , shows an early pre- 
dominance of tangential longitudinal divisions, espe- 
cially in the xylem region. In the elderberry, how- 
ever, the successive tracheary elements do not fol- 
low each other in the same radial files of cells as in 
the sunflower, and therefore the origin from a radi- 
ally seriated meristem is obscured in the former 
(fig. 17). 

The Sambucus series gives some information on 
the course of development of the bud traces. The 
buds in the axils of leaves 9 and 10 had procambial 
strands only. The bundles of each bud were pro- 
longed in the underlying internode of the main axis 
as two traces that, at certain levels, fused with the 
trace complexes related to leaves 5, 6, 7, and 8 (fig. 
22-23). The traces of the buds in the axils of leaves 
11 and 12 had some xylem and phloem. The xylem 
was not yet connected with any in the main axis, but 
ended blindly shortly below the node of leaves 11 
and 12. The sieve tubes were continuous to the end 
of the series of sections, 3 mm. below the attachment 
of the buds to the main axis. In figure 23 the buds 
show groups of bundles. The three bundles of each 
group are traces to one leaf— the leaf of the first 
pair of leaves on the lateral shoot. Each group of 
three traces is combined below into one bundle, the 
branch trace. 

Discussion. — Since the present writer (Esau, 
1943b) reviewed the literature on the differentia- 
tion of the primary vascular tissues, several articles 
on this subject have appeared in print (Crafts, 
1943a, 1943b; Engard, 1944; Esau, 1943a; Reeve, 
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1942). These articles and the present study agree 
that the first phloem elements differentiate acrope- 
tally from the axis into the leaf ; but not all of the 
articles cited describe the entire course of the first 
phloem elements, that is, the course between the 
highest position in the shoot and the place of connec- 
tion with the phloem of other traces. By examining 
the first sieve tubes throughout their entire length 
the present writer has found in both the flax (Esau, 
1943a) and the sunflower that the first phloem ele- 
ments tend to differentiate continuously and acrope- 
tally from the axis into the leaves, but that this “con- 
tinuous differentiation” is sometimes followed by a 
“discontinuous maturation” ; that is, in some traces, 
series of immature sieve-tube elements are inter- 
polated between series of mature ones. Furthermore, 
one of the shoots of Helianthus even indicated that 
the sieve tubes may be initiated (that is, the mother 
cells of their elements may becofne recognizable as 
such) in isolated parts of a given trace (fig. 14, 
lateral trace of leaf 5). 

As a rule, in a growing shoot the first protophloem 
elements differentiate before the first protoxylem 
elements in a given bundle (Crafts, 1943a, 1943b; 
Engard, 1944; Esau 1938, 1943a, 1943b, 1943c; 
Reeve, 1942; Sharman, 1942). Bond's (1942) con- 
trasting view that in the tea plant the protoxylem 
elements precede the appearance of the “first recog- 
nizable sieve tubes of the protophloem” needs fur- 
ther evidence to prove that the “first recognizable 
sieve tubes” are actually the “first to differentiate” 
in a given bundle. 

The differentiation of the first phloem elements in 
advance of the first xylem elements in a given bundle 
means that at the shoot apex the first sieve tubes (or 
sieve cells) differentiate one or more plastochrones 
before the first tracheary elements. Thus, beginning 
at the apex, there are one or more leaves without 
mature vascular elements; one or more with sieve 
tubes only; then follow leaves with both xylem and 
phloem (table 1). In the flax (Esau, 1943a) the 
number of leaves of each type varied in different 
shoots in relation to the phyllotaxes of these shoots. 
In agreement with the concept of Priestley et al. 
(1937), the flax leaves could be roughly divided into 
series numerically related to the denominator of the 
phyllotaxis fraction. In their studies of Helianthus , 
Priestley and Scott (1936), using a 3/8 -phyllotaxis 
. type of a shoot, interpreted as the first cycle of leaves 
the eight primordia aggregated at the apex and lack- 
ing axillary buds. The eight primordia of the next 
cycle were successively associated with internodes 
of increasing length. The differentiation of the first 
phloem was well within the first cycle of leaves, 
while the first xylem tended to appear toward the 
end of this cycle. The oldest sunflower plant of the 
present study (plant 5, table 1, and fig. 9-13) fits 
the above description though it did not quite reach 
the 3/8 -phyllotaxis stage of development. The other 
plants (plants 1-4, table 1) were younger than 
plant 5 and showed shorter cycles as measured by 


the number of leaves without mature vascular ele- 
ments. According to the concept of Priestley et al. 
(1936, 1937), shorter cycles would be expected in 
young Helianthus plants because the earlier leaves 
of Helianthus are more or less decussate and only the 
later ones assume a spiral arrangement and become 
more crowded at the apex. The Sambucus shoot with 
its decussate leaves showed the following sequence : 
no vascular elements during one plastochrone (2 
leaves) ; sieve tubes differentiating acropetally along 
the traces into the leaves during the second plasto- 
chrone (two leaves) ; xylem elements appearing in 
the basal part of the leaf during the third plasto- 
chrone (two leaves). A summing up of the present 
writer's data on Nicotiana (Esau, 1938), Linum 
(Esau, 1943a), Zea (Esau, 1943c), Helianthus and 
Sambucus suggests that the greater the crowding of 
leaves at the apex, the slower is the vascular differ- 
entiation in the leaves. Seasonal and other environ- 
mental conditions could be expected to affect the 
rates of differentiation within a given type of shoot. 

The latest studies on the vascularization of shoots 
(Crafts, 1943a, 1943b; Engard, 1944; Esau, 1943a; 
Reeve, 1942) continue to agree with the older litera- 
ture (see Esau, 1943b) that the first tracheary ele- 
ments are initiated in one or more isolated positions 
within the leaf or in the upper part of its trace, and 
subsequently differentiate downward into the axis 
and upward into the leaf. During the acropetal dif- 
ferentiation of the xylem and phloem within the leaf 
proper the xylem tends to approach the apex before 
the phloem. These observations were substantiated 
by the data obtained from Helianthus and Sambucus. 

Though procambial differentiation was not con- 
sidered in detail in the present study, the matter of 
initiation of the procambium merits a brief discus- 
sion. According to Priestley and Scott (1936, p. 
160-161), within the growing organs the procam- 
bial cells elongate and divide transversely. Later 
“the dominant plane of cell division changes to the 
tangential longitudinal.” With the advent of such 
divisions the meristem ceases to be a procambium 
and becomes a cambium. Kundu (1942, p. 98) simi- 
larly interprets the early stages of vascular differ- 
entiation in Cannabis: the procambial cells (Kundu 
uses “prodesmogen” instead of “procambium”) “are 
elongated meristematic cells which divide most fre- 
quently by transverse walls, but occasionally also 
by longitudinal walls in any plane.” When tangen- 
tial longitudinal divisions begin to predominate, 
cambial activity and secondary growth set in. The 
present writer (Esau, 1943b) has previously em- 
phasized that the mere occurrence or lack of radial 
seriation in the vascular meristem is an insufficient 
criterion for a separation of procambium from cam- 
bium, or primary from secondary growth; but the 
matter of occurrence of longitudinal divisions in the 
early stages of procambial differentiation has not 
been enough commented upon. Articles paying spe- 
cial attention to early vascularization (e.g., Shar- 
man, 1942, fig. 10; Esau, 1943a, 1943c) prove that 
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in a given organ the procambium is initiated by a 
series of longitudinal divisions. The present study 
shows that, contrary to Priestley and Scott (1936), 
in Helianthus also the early stages of vascular dif- 
ferentiation are characterized by longitudinal divi- 
sions. More or less early (depending on the kind of 
plant) the longitudinal procambial divisions tend 
to become oriented tangentially and the procambium 
gives rise to cells in radial series like the cambium. 

SUMMARY 

The first sieve tubes of the apical portions of 
Helianthus and Samhucus shoots usually differen- 
tiate acropetally from the axis into the leaf in con- 
tinuity with the sieve tubes of the older traces. The 
continuous acropetal differentiation may be fol- 
lowed, however, by a discontinuous maturation of 


the elements composing a given sieve tube: at cer- 
tain stages one or more series of immature elements 
may alternate with series of mature elements. 

The earliest xylem is initiated in the upper parts 
of the shoot and differentiates upward toward the 
apices of the leaves and downward into the axis 
where ultimately it becomes connected with the 
xylem of other traces. 

In a given leaf the first phloem elements mature 
before the first xylem elements ; in other words, the 
first phloem differentiates one or more plastochrones 
in advance of the first xylem. The vascular elements 
appear first in the median and later in the lateral 
bundle of a given leaf. 

College of Agriculture, 

University of California, 

Davis, California 
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BRAZILIAN CHYTRIDS. V. N O W AKO W SKIELL A MACROSPORA N. SP., AND 

OTHER POLYCENTRIC SPECIES 1 

John S. Karling 


In a previous paper on Brazilian chytrids col- 
lected in the Amazon Valley, the author (1944a) re- 
ported the occurrence of Nowakowskiella elegans , 
N. ramosa , and N. profusa and described two new 
species, N. elongata and N. granulata from Brazil. 
Since that time a sixth species of the same genus has 
been isolated from decayed vegetable debris in water 
and moist soil samples collected in Acre Territory. 
This species has the same general appearance, struc- 
ture, and type of development as the other known 
members of N owahowskiella but differs markedly 
from them in the large size of its zoospores. This is 
its primary distinguishing characteristic, and be- 
cause the zoospores surpass in size those of all other 
species of this genus, the writer regards this fungus 
1 Received for publication September 9, 1940. 


as a new species and proposes the name N . macro- 
spora for it. 

Nowakowskiella macrospora n. sp. — -Fungus 
saprophyticus. Rhizomycelio hyaline, profuso, eo- 
piose ramoso, partibus tenuibus 2-6 ft diam., incre- 
mentis pluribus non septatis, ovalibus, 8-16 >< 12- 
15 ft, fusiformibus, 5-7 X 12-15 /a, elongatis aut 
irregularibus. Sporangiis terminalibus aut interca- 
laribus, hyalinis, apophysatis, sphaericis (14-40 ft), 
ovalibus (18-25 X 23-80 ft), pyriformibus (8-80 
X 18-55 ^), aut elongatis (10-20 X 30-60 ft) ; 
operculo ovalibus aut sphaericis, 5-8 p. Zoosporis 
sphaericis, 10-12 ft, unico globulo refringenti con- 
spicuo, 3-5 ft diam. Sporis perdurantibus sphaericis 
(12-22 ft), ovalibus (15-18 X 20-25 p) 9 levibus ; 
germinantibus ut prosporangiis parte interiori emer- 
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gente ut zoosporangio membrane tenui ad superfi- These vary from 10 to 12 p in diameter and surpass 
ciein sporae. . in size those of N. ramosa by several microns. Their 

Rhizonn celinm profuse, richly -branched, fairly most conspicuous structure is a large highly refrin- 
coarse, tenuous portions 2-6 /x in diameter ; spindle gent globule which varies from 3 to 5 /x in diameter, 
organs nonseptate, oval (8-16 X 12-15 /x), broadly It 'is usually somewhat flattened, disc-shaped, or 
spindle-shaped (5—7 X 12—15 /x), elongate and fusi- slightly angular (fig. 6), and plastic in consistency, 
form (6—10 X 15—30 /x), or slightly irregular. so that when the zoospore elongates and passes 
Sporangia terminal or intercalary, hyaline, smooth, through a narrow space in the debris it changes 
usually apophysate, often slightly flattened and markedly in shape (fig. 2). Occasionally, two large 
elongated transversely to apophysis, spherical (14- globules may be present (fig. 5) in one spore. In 
40 //.),. o\ al (18—25 X 23— 30 /x), pyriform (8—30 X addition to the globule, the zoospores contain nu~ 
18—55 /x), or elongate (10—20 X 30—60 /x), often merous small granules which lie near the posterior 

with an elongate neck, 5-8 X 20— 60/x; apophysis end. In emerging from the sporangium the zoospores 

oval or nearly spherical, 8-20 /x in diameter, oblong, ooze out quite slowly, so that three minutes may 

clavate or elongate; operculum usually slightly often elapse before the sporangium is emptied. The 

sunken, often apiculate and somewhat hat-shaped, spores first form a globular mass at the exit orifice 
5-8 /x in diameter; sporangia sometimes becoming as in other species of Nowakowskiella (fig. 9B) and 
brown, thick-walled and dormant in old cultures, then separate slowly and swim away. In contrast to 
functioning as sporangia or prosporangia in ger- those of smaller cliytrids, the zoospores seem to swim 
mination. Zoospores slowly oozing out and forming quite slowly, but this impression of slowness is pri- 
a globular mass at exit orifice, spherical, 10-12 g, marily due to their large size. They may come to 

with a large (3-5 /x), somewhat disc-shaped refrac- rest, and then creep around as small amoebae (fig. 

tive globule, and numerous minute granules at pos- 2, 3) or short rods (fig. 4) with the flagellum trail- 
terior end; flagellum 38-42 g long. Resting spores mg behind. At the close of the motile period the 
spherical (12-22 /x), oval (15-18 X 20-25 /x), with flagellum disappears, and the spore may move 
a large refractive globule surrounded by numerous around slowly like an amoeba (fig. 5) before round- 
smaller ones, wall smooth, 1.5— 2 g thick, faintly ing up and germinating (fig. 7). 
yellowish-brown in color ; functioning as prosporan- Another distinguishing characteristic of N. macro - 

gia in germination. spora is the shape of the opercula and their method 

Saprophytic in decayed vegetable debris, Boca do of development. In this process the tip of the exit 

Acre, Acre Territory, Brazil. papilla softens (fig. 10) and forms a low hemi- 

Inasmuch as N. macrospora grows and develops spherical plug of opaque material which extends 
in the same manner as other known species of this a short distance into the tube. While these changes 
genus, it is not necessary to describe these processes are taking place at the tip, the operculum is formed 
again. In this relation, it will be sufficient to note beneath the opaque material (fig. 11, 12) in much 
that the germinating zoospores produce one or more the same manner as Miss Johanson (1944) and the 
germ tubes (fig. 9) which elongate, branch, and form author (1944a, 1944b) have described for Karlingia 
intercalary swellings and rhizoids, and finally de- rosea , Nowahowshiella granulata, and Nephrocky- 
velop into the rhizomycelium (fig. 10). A portion of trium amazonensis , respectively. In the present spe- 
a mature thallus with variously-shaped non-septate cies, however, the amount of opaque material at the 
swellings, rhizoids and sporangia is shown in figure tip is smaller and less conspicuous. As the sporangia 
11. Of all known species, N. macrospora resembles mature, this material usually disappears so that the 
N. elegans and N. ramosa most closely, particularly operculum appears as a circular lid down in the 
in relation to the apophysate sporangia. However, papilla or tube (fig. 13). It is usually apiculate, 
its sporangia are more often appressed and elon- thick in the center, and thin at the periphery. In 
gated at right angles to the apophysis (fig. 11 A, longitudinal section it has the appearance shown in 
1 IB) than those of the former species. Furthermore, figure 14 as it lies free in the water outside the 
its intercalary swellings are usually more fusiform sporangium. The thin peripheral border may later 
and elongate than in N. elegans. turn up (fig. 15), so that in total surface view the 

The chief outstanding difference, as was noted opercula often look like small hats with upturned 
above, is the large size of the zoospores (fig. 1-5). brims (fig. 16-18). In empty sporangia the region 

tions of the shape of the refractive globule. X 1250. — Fig. 7, 8. Germinated spores. X 1250, — Fig. 9. Portion of rhizo- 
mycelium. X 800. — Fig. 10. Softening of tip of exit papilla. X 800.— Fig. 11, 19. Formation of operculum under mass 
of opaque material. X 1000. — Fig. 13. Short exit tube in which opaque material has disappeared. X 1250. — Fig. 18 A. 
Longitudinal section of empty neck showing region where operculum was attached. X 1000. — Fig. 14. Longitudinal 
section of operculum shortly after being pushed out of neck. X 1000,* — Fig. 15. Longitudinal section of operculum with 
thin upturned periphery. X 1000. — Fig. 16-18. Hat-shaped opercula in total surface view. X 1250. — Fig. 19, Attached 
operculum. X 1000. — Fig. 20-22. Development and encystment of dormant sporangia. X 1000. — Fig. 23, 24. Germina- 
tion of dormant sporangia. X 1000.™ Fig. 25. Two incipient resting spores developing from Intercalary enlargements. 
X 1000.— Fig. 26, 27. Later developmental stages. X 1000.— Fig. 28. Maturing resting spore. X 1000.— Fig. 29, 30, 
Germination of resting spore. X 1000. 
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of attachment of the operculum to the sporangium 
wall is often visible as a circular ridge inside the 
papilla or neck (fig. 13A). 

It is to be noted here that not all of the opercula 
of N . macrospora are formed in the manner de- 
scribed above. Sometimes the tip of the exit papilla 
remains unchanged as the sporangium matures, with 
the result that an operculum develops at the surface 
as in N. elegans, N. ramosa, and other operculate 
species. Then, as the zoospores emerge, it is pushed 
off or remains attached at one side, as shown in 
figure 19. 

As was noted in the diagnosis above, sporangia in 
old cultures may become light brown in color, thick- 
walled, and go into a dormant phase (fig. 20-22). 
Occasionally the protoplasm undergoes marked 
changes and forms numerous large refractive glo- 
bules (fig. 22) like those present in the more usual 
type of resting spores. When conditions become 
favorable, the dormant sporangia germinate, and in 
so doing their content may either undergo cleavage 
directly into zoospores which escape through a pa- 
pilla or tube, or it may emerge slowly (fig. 23) and 
form a thin-walled zoosporangium on the surface as 
shown in figure 24. In the latter event the dormant 
sporangium functions as a prosporangium and does 
not differ in this respect from the so-called true rest- 
ing spores. Accordingly, such sporangia are re- 
garded by the writer as a second type of resting 
spore in N. macrospora . The more common resting 
spores, however, are fundamentally similar to those 
of other Nowakowskiella species, and usually de- 
velop from the intercalary swellings in the rhizo- 
mycelium. Swellings which are to become resting 
spores are easily recognizable by the accumulated 
refractive globules (fig. 25), As they grow in size 
they are delimited from the remainder of the rhizo- 
mycelium by cross septa and become thick-walled. 
At the same time the refractive globules coalesce 
into increasingly larger ones (fig. 26, 27), so that 
at maturity the resting spore usually contains a large 
central globule surrounded by several smaller ones 
(fig. 28). After two months or more of dormancy, 
the spores germinate if environmental conditions are 
favorable. In this process they function as pro- 
sporangia and give rise to a thin-walled zoosporan- 
gium on their surface, as shown in figures 29 and 30. 

Species of cladochytrium. — Cladochytrium te~ 
nue. — This is the type species of the genus which 
Nowakowski found in decaying tissues of various 
aquatic plants in Germany in 1876. Since that time 
it has been reported from France (de Wildeman, 
1895), Romania (Constantineanu, 1901), Denmark 
(Petersen, 1909, 1910), and the United States (Kar- 
ling, 1941 ; Sparrow, 1943), but it is not certain that 


all of these records in the literature relate to C. 
tenue . It is not improbable that some of them may 
relate to C. crassum Hillegas (1941) and C. hyali - 
num Berdan (1941), hyaline species which appear 
to occur more commonly and are widely distributed 
(Karling, 1942). Neither de Wildeman nor Con- 
stantineanu saw the discharge, structure, and size 
of zoospores, so that it is not certain which species 
they had at hand. Petersen likewise was not certain 
that the species which he found was C. tenue . 

The writer found what he interprets to be C. tenue 
in decaying vegetable debris from water and moist 
soil collected in northwestern Matto Grosso near the 
border of Bolivia, at Sao Carlos, Matto Grosso, Rio 
Madeira at Porto Velho, Amazonas, and in Igarape 
Raimundo at Manaus, Amazonas. This fungus thus 
appears to be widely distributed as a saprophyte in 
the Amazon Valley. It was isolated from the water 
and soil cultures on bits of onion skin and corn leaves 
and transferred to corn meal agar on which it grew 
fairly well. On synthetic agar media its growth 
appears to be sparse because of the fineness of the 
rhizomycelium and resembles that of C. replicatum 
except for its hyaline color. 

inasmuch as the life cycle of C. tenue is only 
partly known and has not been adequately illus- 
trated, a brief description with figures is presented 
here of its development and structure. The zoospores 
(fig. 31, 32) are spherical, 4.5 to 5.5 /x, with a flagel- 
lum 25-28 p long, and contain a conspicuous hyaline 
refractive globule which varies from 2 to 2.5 p in 
diameter and is usually somewhat crescentic or disc- 
shaped (fig. 33, 34). The zoospores germinate with 
one or more germ tubes (fig. 35, 36), as described by 
Nowakowski and Sparrow, and give rise to the poly- 
centric rhizomycelium, a portion of which is shown 
in figure 37. The tenuous portions of the rhizomyce- 
lium are usually very fine, 1.5 to 3.5 p in diameter, 
and bear numerous rhizoids like those of C. replica- 
tum. The intercalary swellings or spindle organs are 
nearly always septate, fusiform, elongate (5-8 X 
10-17 p), oval (6-8 X 9-12 p ), or oblong. In rapid- 
ly growing cultures the majority are unisepta te and 
slightly constricted at the septum, but they may 
occasionally become bi-, tri- and multiseptate, like 
those described by the author (1935, 1937) for C . 
replicatum. In old cultures they sometimes prolif- 
erate and form masses of cells (fig. 38, 40). Similar 
proliferation may also occur in relation to sporan- 
gium and resting spore formation in old cultures 
(fig. 39, 41 ), but this is not so common an occurrence 
as in C. hyalinum . The cells of the spindle organs 
usually contain one or more refractive globules as 
described by Nowakowski, but if they are to give 


41. Proliferation of spindle organs. X 1300.— Fig. 42, 43. Incipient resting spores developing from intercalary swell- 
ings. X 1600.— Fig. 44. Apophysate resting spore which has developed from a three-celled spindle organ. X 1400.— 
Fig. 45. Mature oval resting spore. X 1600. — -Fig. 46. A spindle organ, the three cells of which have developed into 
resting spores. X 1600— Fig. 47. Small mature spherical apophysate resting spore. X 1600.— Fig. 48, 49. Germinat- 
ing resting spores. X 1600.— Fig. 50, 51. Germinated spores with pyriform and elongate septate sporangia, respectively. 
X 1600. 
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rise to sporangia, their content is dense and coarsely 
granular (fig. 37C, K, N). 

The majority of sporangia in onion skin and corn 
leaf cultures are terminal and develop extramatri- 
callv on slender filaments 1.5-2 g in diameter (fig. 
37E, G, H, I, J). As they stand out from the surface 
of the substratum they have the appearance of oval, 
sub-spherical or slightly citriform hyaline blisters 
filled with glistening spheres or globules. These ter- 
minal sporangia begin' as swellings at the tips of 
branches (fig. 37A, B), the contents of which are at 
first granular and often vacuolate. As they attain 
maturity, the granular appearance of the proto- 
plasm disappears and is replaced by numerous re- 
fractive globules which appear to be suspended in 
a clear ground substance. Sparrow reported that he 
did not find the globules aggregated toward the 
center of the sporangia as in C. replicatum, but in 
the Brazilian material of C. tenue it is a common 
occurrence (fig. 37G, J). From careful study of 
developing sporangia of both species the present 
writer concludes that aggregation of the globules is 
a developmental phase and not a specific character. 
Later, the globules become more or less evenly dis- 
tributed throughout the sporangia in both species. 

The terminal extramatrical sporangia of C. tenue 
rarely form tubes for discharge of the zoospores 
and also lack prominent exit papillae. Instead, the 
tip of the sporangium is only slightly raised and 
pointed, and underneath lies a small clear biconvex 
area. The tip deliquesces when the sporangia are 
mature, and the zoospores emerge to form a globular 
cluster at the exit orifice (fig. 37L) and soon dis- 
perse (fig. 37E). 

The sporangia may also be intercalary and de- 
velop directly as swellings in the rhizomycelium 
(fig. 37N) or from a cell of the spindle organ (fig. 
37D, O, P). In either event, the sporangial rudi- 
ments may be recognized very early by their granu- 
lar content and by the presence of small vacuoles. 
Their further development and maturation are simi- 
lar to those of the terminal sporangia described 
above. When the sporangia develop intramatrically, 
an exit tube is formed for the discharge of the zoo- 
spores to the outside of the substratum (fig. 37 O, 
P). As was noted earlier, the majority of sporangia 
are broadly oval or slightly citriform (8-18 g X 1 0— 
22 g), with a broader basal end, or spherical (8— 
30 fx), or somewhat pyriform. Nowakowski re- 
ported that he found sporangia up to 66 p in diame- 
ter, but none above 30 p has been observed in the 
material from Brazil. On numerous occasions mi- 
nute sporangia with only four zoospores were found. 
The wall of the sporangium is very thin, and short- 
ly after the zoospores are discharged it becomes 
wrinkled and collapses (fig. 37F). However, if the 
sporangium proliferates and forms a secondary 
sporangium inside, the wall becomes distended 
again, but it usually does not lose its wrinkled 
appearance. 


Up to the present time, resting spores have been 
unknown in C. tenue, but the author found them in 
abundance in old onion skin cultures of the Bra- 
zilian material. They are spherical, (8-16 p), oval 
(10-12 X 14-16 ju,), or broadly fusiform, hyaline 
and smooth (fig. 44, 45, 46). As described above for 
N. macrospora, they usually originate from inter- 
calary swellings or cells of the septate spindle or- 
gans. Cells which are to become resting spores accu- 
mulate a large amount of refractive substance in 
the form of globules (fig. 42), enlarge (fig. 43), and 
become invested with a fairly thick hyaline wall 
(fig. 44). At the same time the globules coalesce so 
that at maturity the resting spore usually contains a 
single globule which occupies the large part of its 
lumen (fig. 47). Occasionally several smaller ones 
may also be present (fig. 45, 46), and the remainder 
of the protoplasm is finely granular in appearance. 
Sometimes all of the cells of a septate spindle organ 
develop into resting spores, as shown in figure 46. 
When only the central cell develops, the resting 
spore is apophysate on both sides (fig. 44, 47, 51). 
After a dormant period of two or more months, the 
spores germinate if conditions are favorable. In so 
doing they function as prosporangia and give rise to 
thin-walled evanescent sporangia (fig. 48—51) on 
their surfaces. These sporangia are usually similar 
in size and shape to those described above, but occa- 
sionally they may become elongate and septate (fig. 
51). The discovery of resting spores and their ger- 
mination thus completes the life cycle of C . tenue , 
which is fundamentally similar to that of other spe- 
cies of Cladochytrium. 

Cladochytrium crassum . — This species was iso- 
lated on bits of onion skin and corn leaves from 
water collected at Sao Carlos, Matto Grosso. The 
structure and development of the Brazilian material 
are so similar to those described by Hillegas (1941) 
that it is unnecessary to describe them further. It 
may be noted, however, that Hillegas failed to se- 
cure germination of the resting spores in the Ameri- 
can material. The resting spores from Brazil, on the 
other hand, germinated readily in laboratory cul- 
tures after a dormant period of seven weeks. In this 
process they behaved like the resting spore of N. 
profusa (Karling, 1941, 1944). Some of them func- 
tioned as sporangia and formed zoospores directly 
which emerged from a thin-walled exit tube. In 
others the content slowly emerged through a pore in 
the wall and developed into a sporangium of the type 
described above for C. tenue . 

Cladochytrium hyalinum . — This species occurred 
in abundance in onion skin and corn leaves which had 
been added to water cultures collected in northwest- 
ern Matto Grosso near the Bolivian boundary, and 
at Porto Velho, Amazonas. No fundamental varia- 
tions and differences in development, structure, and 
germination of the resting spores were observed in 
the Brazilian specimens, and it is not necessary to 
amplify the detailed and adequate description given 
by Miss Berdan (1941). 
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Cladochytrium replicatum . — This species is wide- 
ly distributed in the Amazon Valley and has been 
collected in various parts of Acre Territory, Matto 
Grosso., Amazonas., and Ceara. It occurs in most 
small streams,, ponds, lagoons, and lakes as a sapro- 
phyte in decayed vegetable debris. No essential dif- 
ferences between the Brazilian and North American 
material were observed. 

SUMMARY 

Nowak owskiella macrospora n. sp. occurred as a 
saprophyte in decayed leaf mold collected in Acre 
Territory, Brazil. It differs primarily from other 
known species of this genus by its large zoospores 
which vary from 10 to 12 p in diameter. In develop- 
ment^ thallus structure, and organization it is simi- 
lar to other species of Nowakowskiella. Dormant 
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thick-walled sporangia are sometimes formed which 
may give rise directly to zoospores or function as 
prosporangia in germination. Resting spores are 
formed in old cultures; in germinating, their con- 
tents emerge and form thin-walled sporangia on 
their surfaces. The discovery of this species raises 
the number of species of Nowakowskiella to eight, 
all of which have been found in Brazil except N. 
hemisphaerospora (Shanor, 194*2) and N. delica 
( Whiff en, 1948). 

In addition to these species, four other polycentric 
cladochytriaceous chytrids were isolated from water 
cultures : Cladochytrium tenne, C. crassum, C. hya- 
linum, and C. replicatum. 

De P ARTMENT OF B OTA N Y, 

Columbia University, 

New York, New York 
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GROWTH AND DIFFERENTIATION IN THE ROOT TIP OF PHLEUM 

PRATENSE 1 

Richard H. Goodwin and William Stepka 


More detailed information than is at present 
available in the literature is needed concerning the 
nature of growth and differentiation of the apical 
meristems. Roots, which are not obscured or com- 
plicated by foliar emergences, should be the most 
favorable subjects for such studies. Modern text- 

Jl 



Fig. 1. Diagram of a device for recording growth incre- 
ments.— -A. Vertical microscope stage. — B. Mechanical 
stage. — C. Upper element of the substage condenser. — D. 
Glass culture chamber. — E. Seedling.— F. Fixed support. 
— G. Light lever. — H. Mirror surface. — I. Galvanometer 
lamp projecting the image of a cross hair. — J. A scale 
three meters long placed at a distance of 20 feet. 

books usually figure the root tip in longitudinal sec- 
tion with various regions marked off : root cap, meri- 
stematic zone, zone of elongation, and zone of dif- 
ferentiation or maturation. Such descriptive de- 
marcations fail to give quantitative information con- 
cerning the absolute or even the relative rates at 
which the various developmental processes, which 
are supposed to be occurring in these regions, are 
actually taking place. The nature of the transitions 
between one zone and the next are often completely 
ignored. 

1 Received for publication July 14, 1944. 

Growth rate measurements were made by the junior 
author, who is now serving with the armed forces. 


In 1939, Sinnott pointed out the suitability of cer- 
tain species of small-seeded grasses for studies of 
the growing root tip. In these species the trans- 
parency of the fine roots and the rudimentary char- 
acter of the root caps permit unobscured microscopic 
observation of the surface of the living meristems. 
Brumfield (1942) has made some interesting experi- 
mental studies on one of these species, Phleum pra- 
tense L., in which rates of elongation of roots at 
various distances from the root apex were measured. 

In this paper methods are developed for deter- 
mining rate of elongation of a root, cell elongation, 
rate of transverse cell division, and rate of increase 
in cell wall area, each expressed as a function of dis- 
tance from the root apex. These methods are then 
applied to roots of Phleum pratense. The resulting 
data give a graphic picture of the above-mentioned 
developmental processes which are taking place 
within the growing region of a root and of the com- 
plex interrelations between them. Some further ob- 
servations on the differentiation of vascular elements 
are correlated with these findings. 

Theoretical methods. — Rate of elongation . — 
Seedlings of grasses such as Phleum pratense may 
be grown in vertical culture chambers so constructed 
as to allow examination of the root meristems under 
high magnifications with a compound microscope. It 
is possible to measure the amount of growth occur- 
ring during short time intervals between the root 
apex and characteristically-shaped epidermal mark- 
er cells. When such growth increments in unit time 
(r) are plotted against the initial distance (x) of 
the marker cells from the root apex, sigmoid curves, 
representing the rates of displacement of x from the 
root apex, are obtained (fig. 2). It should be pointed 
out that the time interval must be sufficiently short 
to prevent undue displacement of the marker cell 
from its original position; x units of distance from 
the root apex. The first derivatives of these sigmoid 
curves, dr/dx (the slope of the tangent to the curve 
at any point), give the rates of elongation of the 
roots as a function of distance from the tip (fig. 3). 

Average length of epidermal cells. — -The length 
(1) of epidermal cells at various distances from the 
root apex may be readily determined. Camera lucida 
drawings of the surface of actively-growing roots 
cannot be made with sufficient rapidity to serve for 
this purpose. If large numbers of cells are to be 
measured, it may be convenient to make such meas- 
urements upon roots killed in fixatives which do not 
appreciably distort the cell dimensions, although 
measurements from photographs of living roots 
should be preferable. The length of cells in the sub- 
epidermal layers may be studied from longitudinal 
sections. Figure 4 shows the average length of epi- 
dermal cells with their basal ends at x. 
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Rate of cell division in the epidermis . — There are 
several ways in which the frequency of cell division 
may be investigated. One line of attack would be a 
statistical study of the frequency of mitotic figures 
in cytological preparations (Wagner, 1930), but an 
accurate interpretation of data so obtained is most 
difficult. Actual counts may be made of the number 
of new cells formed among a given group of cells by 
comparing successive photographs taken at definite 
time intervals (Brumfield, 1942). If this method is 
employed, the time intervals should be very short to 
reduce the displacement from the root apex of the 
region studied. A third approach is presented below. 2 

The problem is to determine for a particular cell 
lineage of a root the frequency of cell divisions per- 
pendicular to the long axis at various distances from 
the root apex. The following solution depends upon 
the .assumption that the pattern of development, and, 
hence, average cell size at the different levels of the 

2 The authors are greatly indebted to Dr. Donald R. 
Charles for his assistance in developing this method. 


root, remains essentially constant, at least for peri- 
ods of several hours. Meristems which exhibit irregu- 
lar or rhythmic mitotic behavior can not be used for 
an analysis of this sort. 

Suppose we regard the root apex as a fixed point, 
from which the matured, basal portions of the root 
are being displaced by growth. Now select a point 
some arbitrary distance, x microns from the root 
apex. How often during growth would transverse 
cell walls be carried past this point? At the moment 
when a wall is just passing point x, the adjacent 
more apical wall is at a point x - — 1, where 1 is the 
average length of cells with their basal ends at x. 
This more apical wall will move toward x at a rate 
1/2 (r x -j- r x _ i), where r is the rate of displace- 
ment of a point from the apex. Hence, it will take 
21/ (r x + r x - i) time units for this next wall to pass 
x. In that time, however, one new cell wall must be 
laid down between the root apex and x, otherwise 
the average length of cells at some point between the 
apex and x would have changed. In other words, one 


Fig. 2. The rate of displacement from the root apex of various points on the surface of the root plotted as a function 
of distance from the apex. The smaller graphs show the original data for four different roots. Open circles in the apical 
300 p. of the root represent rates for time intervals greater than ten minutes; while further back they represent averages 
of the individual values shown for narrow zones of the root. The larger graph shows the smoothed curves superposed. 
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new cell wall must be formed every 21/ (r x 4" r x - 0 
minutes* or the rate of wall formation between the 
apex and x must be (r x 4- r x - i)/2l walls per minute. 
Employing the calculus* the first derivative of this 
last expression will give the rate of deposition of 
new transverse cell walls at any particular distance 
from the root apex. Thus 



Fig. 3. Solid line: rate of displacement from the root 
apex of various points on the surface of the root, plotted 
as a function of distance from the apex. This curve is the 
average of the curves shown in figure 9. Broken line: rate 
of elongation of the root, plotted as a function of distance 
from the apex. This curve was obtained by averaging the 
first derivatives of the curves shown in figure 9. 

1 d / r x + r x _ i\ 

9 dx V 1 / 


1 

f dr x dr x _ i 

\ dr 

— 

1 j f- 

— (r x + r x _ i ) — 

9 

\dx dx 

L. !•> 

/ dx 


/dr x dl \ / dr x _ i dl V 

Idx r ' ldxj + Vdx ldx j J 

For practical purposes it may be sufficient to take 
1 dr* r x dl 

T ; — T T O) 

1 dx 1 dx 

Two sets of data, which have already been dis- 
cussed* are necessary: first* r* the rate of displace- 
ment from the apex of a series of points along the 
root (figs. 2 and 3) ; and second* 1* the average length 
of cells the basal ends of which are at known dis- 
tances from the root apex (fig. 4). The expressions 
dr x /dx and dl/dx represent the first derivatives of 
(or the slopes of the tangents to) the curves shown 
in figures 2 and 4 respectively. 


Rate of cell wall formation . — The primary body 
of roots* at least in the early developmental stages* 
may be thought of as consisting of a series of rows 
of cells which are dividing almost exclusively in the 
transverse plane. The increase in the area of trans- 
verse walls in a given row of cells at any particular 
level in the root will be directly proportional to the 
rate at which new r cell walls are laid down in that 
row. If one assumes that the rate of cell division* 
determined for the epidermis* is essentially the same 
for all types of cells within the root/ then the in- 
crease in area of transverse walls at a given level 
will be the product of the rate of cell division* for- 
mula (1)* times the cross-sectional area of the root* 
7rD 2 / 4* where D equals the diameter of the root. 


ttD2 

1 

/dr x 

r x dl \ 

4 

1 

\dx 

1 dx) 


Also* the increase in area of the longitudinal cell 
walls will be directly proportional to the rate of 
elongation. The amount of new longitudinal wall 
formed at any particular distance from the tip will 
be equal to the product of the rate of elongation and 
the length* L* of longitudinal wall intercepted by a 
cross section at that point (fig. 6). 

dr* 

— (L) (3) 

dx 

The amount of longitudinal wall* L* exposed in a 
cross section of a cylindrical* cellular structure ( i.e ,, 
the length of line seen in a cross section such as 
shown in fig. 6) may be estimated somewhat crudely 
by means of the following formula: 

L = D (1.65 VnT+ 1*91) (4) 

where D equals the diameter of the cross section, and 
n equals the number of rows of cells intercepted by 
the cross section. This formula has been derived on 
the basis of the following assumptions: (1) that the 
cells all have the same diameter in cross section; 
(2) that they are hexagonal in shape (see Lewis* 
1943) ; (3) that they are packed together into hex- 
agonal aggregations; and (4) that the area of the 
circle passing through the centers of the hexagons 
comprising the corners of the hexagonal aggregate 
approximates the area of the hexagonal figure. For 
an error introduced by this last approximation see 
footnote 4. The derivation of formula (4) follows. 

Let D equal the diameter of the circle* and s* the 
length of the sides of the individual hexagons. Then 
7rD 2 /4 equals the area of the circle and S\/Ss 2 /2 
equals the area of one of the hexagons. If 7tD 2 /4 is 
set equal to 3\/3s 2 n/2* where n equals the num- 
ber of hexagons in the hexagonal aggregate* 4 then: 

3 For errors made by this assumption in the case of 
PhUum roots, see table 4. 

ttD2 3\/¥ 

4 The ratio - s^n lies between 1.13 and 0.89 

4 9 

for values of n ranging from 37 to 631. For values of n 
larger than 631, the ratio asymptotically approaches the 
limit 0.897. 
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Fig. 4. The length of epidermal cells with their basal ends x mm. from the root apex, plotted against x. Individual 
measurements on eight different roots are shown, except within 800 /x of the tip, where average values for each root are 
given at 25 /x intervals. The circles represent averages for all values within narrow zones of the root, and the curve 
has been drawn by inspection through these points. The great variation in the size of the elongated cells is due in part 
to the fact that two cell types, which differ greatly in length, are included in the measurements. The data have not 
been corrected for shrinkage due to fixation. 


For values of 


n > 10, - 


2 V 8, and L = D(l.(55Vn + 1.91). 


The total number of hexagon faces in hexag- 
onal aggregates of hexagons, shared faces being 
counted only once, is given by the expression: 
3n -f- V l'2n — 3. Therefore, 


: D (.55) 


In general, this formula would be expected to 
apply best to those structures, such as meristematie 
root tips, in which the configuration of the cells most 
nearly approaches the foregoing assumptions. Since 
no one of these assumptions Is strictly true, the accu- 
racy of estimates of the amount of longitudinal wall 
derived by this method for any particular structure 
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Table 1 . A comparison of calculated and measured values for the length of wall intercepted by cross sections of roots 

of various species. 


Species 

Root 
diame- 
ter in jjl 

No. cells 
in cross 
section 

Length 
of wall 
calc, (g) 

Length 
of wall 
meas. (g) 

Per cent 

error 

Source of cross section 


<=D> 

(=n) 

(— L) 

(=Li„) 

Lm L 
(— — 

) 100 

Sporobolus cryptandrus 

81.8 

88 

1423 

1418 

—0.4 

") Sinnott and Bloch, 1941. Figures 

Agrostis alba 

102.0 

75 

1652 

1578 

—4.7 

| 13 and 14 

128.0 

91 

2259 

2300 

1.8 

Slide prepared by the senior author 

Phleum pratense 

134.2 

109 

2567 

2536 

—1.2 

Slide prepared by the senior author 

138.7 

94 

2480 

2488 

0.3 

Slide prepared by the senior author 
(see fig. 6) 

Nicotiana Tabacum . . . 

143.0 a 

120 

2857 

2859 

0.1 

Esau, 1941. Plate 9A 


147.4“ 

156 

3319 

3316 

—0.1 

Esau, 1941. Plate 10A 

Daucus carota 

207.5 

294 

6264 

6680 

6.2 

Esau, 1940. Plate 1A 


237.5 

319 

7454 

7265 

—2.6 

Esau, 1940. Plate 2A 

Crepis capillaris 

239.9 

338 

7742 

7692 

—0.7 

Slide borrowed from the collection 
at the University of Rochester 

Solidago rugosa 

254.0 

894 

13016 

14424 

9.8 

Slide prepared by the senior author 


Including endodermis and vascular cylinder only. 




Fig. 5. — A. Rate of elongation of the root ( (g/fi/mm.) 
x 102), from figure 3. — R. Average length of epidermal 
cells with their bases at x (infix 10-2). The original curve, 
shown in figure 4, has been corrected for an average shrink- 
age of 9.3 per cent. — C. The estimated rate of formation of 
new transverse cell walls in a single row of epidermal cells 
((number of cells /g/min.) x 103). Below the graph is a 
diagrammatic longitudinal section through the triarch root 
showing the levels at which the youngest vascular elements 
are differentiated. In the center is one of three rows of 
xyl ary cells (X). They may be recognized within approxi- 
mately 100 /x of the root apex, become vacuolate at 300 y 
and show characteristic secondary thickenings at 970: ju. 
Two of the three protophloem strands (P) are shown. 


should be checked by actual measurements of photo- 
graphs or camera lucida drawings. Such checks have 
been made for root tips belonging to seven different 
species. The results are summarized in table 1. It 
may be seen that the errors in the estimates do not 
exceed 6.2 per cent, with the exception of the Soli- 
dago root, in which the number of cells was rather 
large (see footnote 4). For Phleum pratense the 
estimates are within two per cent of the measured 
values. 

Now substituting for L in formula (3), the rate 
of longitudinal wall formation will be: 

d|— j (1.65 Vn“+ 1.91) 

The rate of total cell wall formation at any given 
distance from the tip may now be estimated. It will 
be equal to the sum of transverse wall formation, 
formula (2), plus longitudinal wall formation, for- 
mula (5). 

Experimental methods and results. — The spe- 
cies used in this investigation was Timothy grass, 
Phleum pratense L. The seed, obtained from Hart 
& Vick, Inc., of Rochester, New York, was from lot 
No. 1253, grown in Minnesota. Seeds were ger- 
minated on filter paper in petri dishes propped in a 
nearly vertical position. The filter paper was moist- 
ened with Knop’s solution (0.8 g. of Ca(NO; 3 ) 2 , 
0.2 g. of KN0 3 , 0.2 g. of KH 2 P0 4 , 0.2 g. of MgS0 4 , 
and a trace of FeP0 4 per liter of distilled water). 
The dishes were kept in the dark at 25° db 0.5 °C. 

For growth-rate studies, mounts were made as 
follows. After germination, a young seedling was 
placed on a 24 x 60 mm. cover glass between two 

These may be recognized at 100 g, and become mature at 
about 230 (i from the root apex. 
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closely-approximated strips of filter paper, and the 
root was covered with a strip of lens paper moistened 
with Knop’s solution. The cover glasses thus pre- 
pared were placed in Coplin jars, with the lower 
portion of the strips of lens paper dipping into 
Knop’s solution, until the primary roots had attained 
a length of about one centimeter. The cover slips 
were then used to form one side of a thin, elongated 
chamber, 75 x 25 x 1 mm., constructed of a glass 
slide to which had been cemented three strips of 
glass 1 mm. thick. The chamber was completed by 
sealing the cover glass — seedling on the inside — to 
the glass strips with a thin film of lubriseal, and a 
few drops of Knop’s solution were introduced at the 
open end. 

In order to obtain growth rate data, a chamber 
was attached in a vertical position to the mechanical 
stage of a horizontal microscope mounted on an 
optical bench (actually a Bausch & Lomb VHM 
projection apparatus). The light source was a 200 
watt, 120 volt Mazda projection lamp used in con- 
junction with a 32 mm. water filter and a No. 3480 
Corning (orange) filter. The substage diaphragm 
was stopped down to a point which would just allow 
accurate observation of the outlines of the epidermal 



Fig. 6. Cross section of a primary root of Phleum pra- 
tense, 300 p. from the base of the root cap. The first sieve 
tubes (S) of the protophloem and the first prospective 
xylary elements (X) could be recognized at this level. 
X 560. 

cells. This illumination remained constant during 
the course of each experiment. The lenses employed 
were a 70 X, 1.25 n. a. Zeiss, water-immersion objec- 
tive and a 10 X Bausch & Lomb compensating ocu- 
lar. The laboratory was darkened and the tempera- 
ture remained between 24° and 25° C. 


The position of the cross walls of a series of epi- 
dermal cells with characteristic shapes or other iden- 
tifying features was followed at ten-minute inter- 
vals by adjusting the mechanical stage so that each 
of these cross walls would be brought successively 
into coincidence with a cross hair in the ocular. The 
position of the mechanical stage was then recorded 
on a vertical scale three meters long by means of a 
light lever, which reflected the image of a cross hair 
projected from a fixed galvanometer lamp. A dia- 
gram of the physical set-up is shown in figure 1. Suc- 
cessive recordings of six to eight cross walls were 
made at 30 second intervals. With this simple device 
a magnification of 1636 X was obtained, and indi- 
vidual measurements were made with a standard 
deviation of 1 .05 g. 

All measurements were made with reference to the 
point of juncture between the base of the root cap 
and the apex of the root meristem. For practical 
purposes, this point, which could be accurately de- 
termined, will be referred to as the root apex. Points 
within 300 p of the apex were displaced at such slow 
rates that time intervals of an hour or more could be 
used to calculate rates of displacement in this region. 
Further back, the ten-minute time intervals were 
used. Figure 2 shows the rates of displacement of 
points various distances from the root apex, for four 
different roots. Table 2 and figure 3 give the mean 
rates of displacement and also the mean rates of 
elongation for all four roots at various levels. It is 
to be regretted that these data are at present so 
scanty, but this phase of the work was interrupted 
by an exigency of the war. 

It should be emphasized here that the growth rate 
will be greatly influenced by numerous environ- 
mental factors. A comparison of the over-all growth 
rate for the roots shown in figure 2 with that for 
roots grown under somewhat different conditions is 
made in table 3. The reasons for these differences 
in growth rate have not been determined, but illu- 
mination would not seem to be of much importance. 
Although slow, the growth rates in the experimental 
chambers were rather constant over a period of sev- 
eral hours. To what extent the developmental pat- 
tern may be affected by factors which influence the 
growth rate is not known. 

For measurements of epidermal cell length, other 
roots, grown under conditions similar to those de- 
scribed for the growth-rate studies, were fixed in 
formalin-acetic-alcohol (5 cc. commercial formalin; 
5 cc. glacial acetic acid; 100 cc. 50 per cent ethyl 
alcohol) and mounted in 70 per cent lactic acid. This 
treatment was found to cause a shrinkage of 9.3 per 
cent. Outlines of the epidermal cells were made with 
a camera lueida and the lengths of the cells were 
measured from these drawings. Figure 4 shows the 
lengths of epidermal cells plotted as a function of 
the distance of their basal walls from the root apex. 
The great variation in size of the elongated cells is 
due in part to the fact that two cell types, ordinary 
epidermal (‘ells and trichoblasts, which differ greatly 
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Table 2. Developmental 



Symbol 


Measurement 

Dimensions 


X 



Distance from root tip 


50 

r x 



Rate of displacement of x from tip 

g/m in. 

0.018 

dr x 






— 



Rate of elongation 

(fx/fx/ min.) X 1(H 

1.04 

dx 






1 



Average length of epidermal cells with their bases at x 


10.0 

dl 



Change in length of epidermal cells 

fx/p 

-.029 

dx 






1 

dr x r x 

dl " 

Number new transverse walls in one row of epidermal 



1 

dx 1 

dx 

cells 

(No./u/min.) X 10-~> 

1.56* 

n 



Number rows of cells in entire cross-section of root 


81 

n 

dr x r x 

dl * 




— 

. 

__ 

Number new transverse walls in root 

(No./u/min.) X 104 

12.6 

1 

dx 1 

dx 




D 



Diameter of root 


127 

L 

(dr K \ 


Length of longitudinal walls in cross section 11 

g 

2130 

L j 

t) 


Area of longitudinal walls formed 

^2/^/min. 

0.222 

ttD 2 I" dr x r x 

dl 

1 
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dx 


1 dx 


Area of transverse walls formed 

Total area of cell walls formed 

Per cent of total wall area in transverse walls 


fj&/n/\ nin. 
pfi/p/mm. 


0.198 

0.420 

47.0 


«L = D (1.65 y n + 1.91). 

in length (see Sinnott and Bloch, 1939), are included 
in the measurements. The curve in this figure repre- 
sents average cell length at various levels in the root. 
This curve, with the values for both the ordinate and 
abscissa corrected for 9.3 per cent shrinkage, is 
given in figure 5 (see also table 2). It can be seen 
that the cells are slightly longer at the extreme tip 
of the root than they are between 100 jjl and 200 g 
from the apex, and that between 300 g and 1000 g 
from the tip the average length of the cells is pro- 
gressively and markedly increased. 

Employing the method developed on page 37, esti- 
mates of the rate of formation of new transverse cell 


walls in a single row of epidermal cells have been 
made. These are given in table 2 and figure 5. Brum- 
field (1942) has already pointed out that the steady 
growth rates of these roots indicate an absence of 
mitotic rhytlimicity such as has been reported as 
occurring in the roots of certain other species ( e.g ., 
Kellicott, 1904; Friesner, 1920). 

A study of serial cross sections of roots which had 
been embedded in paraffin showed that there was 
little increase in the number of longitudinal rows of 
cells at distances greater than 100 [x from the root 
apex (see table 2). Hence, we should have a direct 
gauge of meristematic activity in the epidermal tis- 

T able 3. Growth rates of roots grown under various environmental conditions. 


Conditions of growth 


Growth rate 
in mm. /hour 

In microscopic mounts ; roots covered 
with wet lens paper; illumination 

r Average value from figure 3 

0.13 ± 0.02 

as described in text 

[From Brumfield, 1942, figure 7 

0.24 

In petri dishes, growing on moist 

fin darkness 

0.40 ± 0.14 

filter paper 

In red light a 
[in white light b 

0.44 ± 0.17 
0.41 ± 0.09 


a Light source, a 10-watt Mazda tungsten-filament ruby safe-light at a distance of one foot. 
b Light source, a 25-watt frosted Mazda tungsten-filament lamp at a distance of two feet. 
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100 

150 

500 

550 

300 

350 

375 

400 

450 

500 

600 

700 • 

800 

900 

1000 

0.0:39 

0.044 

0.070 

0.119 

0.91 

0.40 

0.64 

1.01 

1.40 

1.61 

1.85 

1.97 

9.05 ' 

5.09 

5.11 

5.08 

4.10 

7.58 

14.9 

95.8 

65.1 

919.9 

108.9 

59.4 

33.5 

18.3 

9.6 

5.8 

3.4 

5.4 

9.0 

8.5 

8.6 

9.8 

19.9 

17.0 

91.9 

95.0 

33.0 

45.0 

65.5 

83.0 

103.0 

153.5 

138.0 

-.014 

-.003 

0.011 

0.038 

0.070 

0.135 

0.154 

0.161 

0.171 

0.189 

0.950 

0.950 

0.196 

0.175 

0.110 

5.81 

5.01 

7.45 

10.77 

8.80 

19.60 

78,00 

17.50 

-3.97 







105 

103 

104 

105 

105 

105 

105 

105 

105 

105 

105 

105 

105 

105 

105 

58.7 

51.6 

77.5 

113.0 

95.4 

906.0 

819.0 

184.0 








147 

159 

166 

171 

174 

175 

176 

176 

176 

176 

176 

176 

176 

176 

176 

5730 

5970 

3110 

3990 

3580 

3990 

3310 

3310 

3310 

3310 

3310 

3310 

3310 

3310 

3310 

0.568 

1.518 

5.565 

4.80 

7.47 

91.4 

70.9 

36.0 

19.7 

11.1 

6.05 

3.18 

1.95 

1.13 

0.80 

0.475 

0.990 

1.605 

9.46 

9.09 

4.7 

19.0 

4.3 








1.043 

5.508 

3.864 

7.96 

9.56 

96.1 

89.9 

40.3 

19.7 

11.1 

6.05 

3.18 

1.95 

1.13 

0.80 

45.5 

43.5 

41.5 

33.8 

91.9 

18.0 

91.3 

10.7 

0 








sue, w T hich makes up approximately 37 per cent of 
the volume of the root. As may be seen in figure 5, 
the region of most rapid cell division and that of 
most rapid root elongation coincide. 

An examination of longitudinal sections of roots 
showed that the cells in the underlying tissues were 
somewhat longer than they were in the epidermis of 
the same roots (see table 4), and an error will there- 
fore be introduced, if it is assumed that the rate of 
cell division is the same for these tissues as it is for 
the epidermis. 

From a further study of cross sections, it was pos- 
sible to determine the level in the root at which the 
first vascular elements were differentiated (fig. 5). 
The newest sieve tubes of the protophloem are ma- 


tured within about 230 p of the root apex, distal to 
the region of most rapid elongation. It is not sur- 
prising that protophloem is frequently obliterated 
by stretching growth (Esau, 1940, 194i, 1943). The 
youngest xylary elements begin to become vacuolate 
at about 300 p and show characteristic thickenings 
of the secondary walls at a point about 970 p from 
the root apex, where little further elongation is tak- 
ing place. In the maturer portions of the root there 
is almost no evidence of stretched secondary walls 
in these xylary elements. Whether these cells should 
be considered protoxylem or metaxylem is a debata- 
ble point (Goodwin, 1942; Esau, 1943). 

Following the method developed on page 38, rough 
estimates have been made of the rate of increase in 


Table 4. Differences in cell length between the epidermis and the underlying layers of cells, and 
the percentage of the root composed of each cell layer or region. 


Percentage increase in cell length 
over that of the epidermis 


Area of cell 
layer as per 
cent of total 
cross section 


Distance from the tip in mm. 

0-.1 

.1-.9 

.9- .3 

.3- .35 

0 

Epidermis 



18 

14 

37 

Outermost layer of cortical cells 

... ii 

95 

93 

Middle layer of cortical cells 

... 31 

37 

13 

0 

14 

Innermost layer of cortical cells 

... 49 

36 

15 

93 

10 

Vascular cylinder 

... 59. , 

63 

45 

33 

16 
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cell wall area, transverse and parallel to the long 
axis of the root. The estimates for transverse walls 
are subject to errors introduced by the assumption 
that the rate of cell division in all the tissues of the 
root is essentially the same as that in the epidermis. 
The values, computed in /x 2 , are given in table 2 and 
are shown graphically in figure 7. Attention should 
be called to the progressive decline in the percentage 
of wall deposited in the transverse plane, from near- 
ly 50 per cent of the total at the root apex, to zero 
at the point where a cessation of cell division occurs. 



Fig. 7. Estimated rate of increase in total cell wall 
area (in ^//u/min.), plotted as a function of distance 
from the tip. The estimated rate of increase in area of 
transverse cell walls (solid black) and the percentage of 
total wall area laid down as transverse walls are also 
given. 

No accurate measurements have been made of the 
thickness of the cell walls. If one were to assume 
some definite thickness for the primary walls shortly 
after their formation, the data for increase in cell 
wall area could be used as a rough index of the rate 
of cellulose deposition at various levels, at least 
from the root apex back some 700 p or more, to a 
point where secondary thickening and the produc- 
tion of root hairs are beginning to take place. It is 
interesting to note the very low rates of total cell 
wall formation (and, hence, cellulose deposition), 
of root elongation and of cell division in the apical 
230 /x of the root. The rows of differentiated sieve 
tubes of the protophloem, which are presumed to be 
translocating organic food materials to the growing 
region of the root from the rest of the plant, traverse 
the most rapidly-growing zone and terminate about 
230 fi from the root apex. 

Discussion. — Before drawing general conclusions 
concerning the growth of roots in higher plants, it 
is obvious that many more studies along the lines of 
the present investigation should be made on this and 


other species. The measurements reported here only 
apply to primary roots of Phleum seedlings of a par- 
ticular age, grown under one set of environmental 
conditions. Future studies could, perhaps, best be 
made by obtaining adequate photographs of the sur- 
face of growing roots at short time intervals. Brum- 
field (1942) has shown that this is technically prac- 
tical in the case of slender grass roots. The photo- 
graphic method would have a. number of advantages 
over the method reported here, since measurements 
of root elongation and of cell length could be made 
on the same root, and an experimental check on the 
estimated rates of cell division could also be ob- 
tained. 

The results of the investigation reported in this 
paper demonstrate once again the complexity of 
growth at the meristem. Elongation, cell division, 
cell enlargement and the differentiation of the vari- 
ous cell types, each of these processes, and a host of 
others, makes its contribution toward building the 
intricate structure of the mature root. There is usu- 
ally a simultaneous operation of several of these 
processes at any particular level in the root tip, 
while the rate of each undergoes progressive changes 
in passing along the root. 

In most of our current botanical texts, the root is 
divided into four regions : the root cap ; a meriste- 
matic zone, or zone of cell division ; a zone of cell 
elongation, frequently less exactly termed a zone 
of elongation; and a zone of differentiation or ma- 
turation, in which the cells are supposed to become 
specialized to carry on specific activities. The ques- 
tion may be asked, which of these various regions 
can be recognized in Phleum roots. 

The root cap in Phleum is poorly developed, but 
its boundaries are clearly delineated. 

The meristematic zone in this species, if defined 
as that portion of the root in which transverse cell 
divisions are taking place, includes the apical 425 /x 
of root, exclusive of the root cap. This region, in 
turn, may be roughly subdivided into two parts: 
(1) the apical 200 /x-300 /x, characterized by slow 
growth and the presence of “ typical 5 * (small, richly 
protoplasmic, non-vacuolated) meristematic cells ; 
and (2) the basal 125 /x, characterized by extremely 
rapid elongation and cell division and the presence 
of vacuolating dividing cells. Priestley (1929), in 
discussing the nature of the shoot apex in flowxring 
plants, has already emphasized the differences be- 
tween the apical “meristematic cell” and the sub- 
apical “vacuolating dividing cell,” and it is interest- 
ing to note the close correlation between the location 
of these cell types in the root and the marked changes 
in growth rate. 

Growth processes in the apical portion of the 
meristem are probably limited by a shortage of food 
supplies. Even though organic materials may be 
transported by the matured sieve tubes of the proto- 
phloem to within 230 p of the root apex, from there 
on, they must pass through a series of undifferen- 
tiated cells which are actively utilizing such mate- 
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rials for their various activities. Hence, a decreasing 
concentration gradient will be set up, with the most 
acute shortage at the root apex. Priestley (1928) 
considers this to be the probable explanation for the 
relatively slow growth and large size of apical cells 
in the meristems of many vascular cryptogams. It 
is not surprising, therefore, that average cell size in 
the epidermis and in some, if not all, of the under- 
lying tissues is significantly larger at the apex of 
the root meristem in Phleum, and also in other spe- 
cies of grasses (Wagner, 1937), than it is further 
back along the axis, where more frequent cell divi- 
sion is taking place. These observations are not in 
complete conformity with the generalization “that 
minimal cell size occurs in the youngest tissue — the 
terminus of the meristem . . . — and that there is a 
steady increase until a rather definite size is reached 
. . (Sinnott, 1938). 

In the rapidly-elongating basal portion of the 
meristematic zone, the rates of cell division and of 
root elongation appear to be many times as rapid as 
they are further towards the tip. Here the cells are 
apparently well supplied with the organic materials 
necessary for growth by the mature sieve tubes 
which traverse this region. The fact that the maxi- 
mum growth rate occurs in the subapical region of 
the root has been common knowledge, ever since the 
early marking experiments of Sachs (1882), and 
has been clearly demonstrated by Brumfield (1942) 5 . 
The increased rate of cell division in this region, 
however, was not reported by Brumfield, and would 
appear to do violence to the concept that “in primary 
meristems of root and stem it (cell division) is most 
frequent at the tip and becomes progressively less 
so with increasing distance back along the axis, until 
it finally ceases” (Sinnott, 1938). In this basal por- 
tion of the meristematic zone there is some increase 
in average cell size and a beginning of vacuolation 
of the protoplasts. Here appears to be the principal 
location of root elongation, which should not be con- 
fused with the true zone of cell elongation. 

The zone of cell elongation might be considered 
as falling between about 400 p and 1000 p from the 
base of the root cap. In this zone the root is elongat- 
ing relatively slowly, and since there is little or no 
cell division, this elongation is correlated with the 
presence of “vacuolated extending” cells (Priestley, 
1929). Actually, of course, the average length of 
the cells begins to increase at about 300 p from the 
root apex, well within the meristematic zone. It is 

r * From an analysis of the expansion of cell complexes 
in the epidermis of Phleum roots, Brumfield (1942) came 
to the conclusion that there were two zones, one between 
0 fi and 140 p and the other between 310 /x and 970 fx of the 
root apex, each characterized by a constant growth rate 
(see his fig. 6). This is not in agreement with the data 
presented in figures 2 and 3 of this paper, which indicate 
that the growth rate is constantly changing with position 
in the root. The discrepancy may be due in part to the 
fact that Brumfield estimated average growth rates from 
the expansion of cell complexes 100 p to 600 ix in length, 
in the older portions of the root, whereas the total length 
of the most rapidly growing zone may actually be as 
short as 50 /x . 


a mistake to obscure with terminology the fact that 
there are gradual transitions from one stage of de- 
velopment to another. 

The present use of the phrase “zone of elonga- 
tion” is ambiguous, since it is usually not clear 
whether the authors using it wish to designate the 
entire portion of the root which is elongating (in 
Phleum, from about 100 fx to 1000 g), that portion 
which is elongating, exclusive of the meristematic 
zone (in Phleum, from about 400 fx to 1000 p), or 
that portion which is elongating most rapidly (in 
Phleum, from about 300 fx to 500 p). 

In the authors’ opinion the phrases “ zone of dif- 
ferentiation” and “zone of maturation” should be 
avoided, except where a particular cell type is desig- 
nated. It is clear from the data presented here and 
elsewhere ( e,g Esau, 1941) that the differentiation 
of various types of cells occurs at different levels 
within the root. Sieve tubes, for example, are ma- 
tured well in advance of xylary elements — in the 
case of Phleum, in the meristematic zone, where 
organic food supplies should be most rapidly util- 
ized. Xylary elements are differentiated further* 
back, frequently in the zone of cell elongation. The 
youngest of these elements are probably matured as 
a functional part of the xylary system near the point 
where root hairs commence to develop, and where 
the root becomes prepared to play its absorptive 
role. Root hairs normally develop behind the zone 
of cell elongation; otherwise, they would be sheared 
off as the growing portions of the root slid past the 
soil particles. The portion of the root in which root 
hairs are formed may aptly be called the zone of 
differentiation of root hairs, and may be readily 
identified by observation. 

SUMMARY 

Quantitative measurements of the rate of elonga- 
tion and of cell enlargement in primary roots of 
Phleum pratense have been made under a standard 
set of conditions. A method is described for calcu- 
lating the rate of cell division at various levels in 
these roots from the above-mentioned data. The rela- 
tionships between these three developmental proc- 
esses and the differentiation of the vascular elements 
at various levels within the root have been graphi- 
cally represented in figure 5. Estimates of the rate 
of increase in area of the transverse and longitudinal 
cell walls formed at various levels have also been 
made and are summarized in figure 7. 

Under the particular experimental conditions de- 
scribed, four regions may be distinguished in the 
growing root tip. They are: (1) the root cap; (2) 
the apical 300 fx of the meristematic zone, charac- 
terized by slow elongation, slow cell division and 
the presence of typical meristematic cells; (3) the 
adjacent 125 p at the base of the meristematic zone, 
characterized by rapid elongation, rapid cell divi- 
sion and the presence of vacuolating dividing cells ; 
and (4) the so-called zone of cell elongation, falling 
between about 400 p and 1000 p from the base of the 
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root cap, and characterized by relatively slow elon- 
gation, absence of cell division and., hence, the pres- 
ence of vacuolated, extending cells. 

Cell differentiation occurs at different levels with- 
in the root, depending upon the particular type of 
cell involved. Thus, sieve tubes are matured within 
230 /x of the base of the root cap, well within the 
meristematic zone; while the youngest xylary ele- 
ments to show characteristic thickenings of the sec- 


[Vol. 82, 

ondary walls are found at a point 740 ^ further back, 
in the zone of cell elongation. For this reason, the 
use of the terms “zone of differentiation” and “zone 
of maturation,” without designating a specific cell 
type, should be discontinued. 

Department of Botany, 
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CONTROLLING THE pH OF CULTURES OF PENICILLIUM NOTATUM 
THROUGH ITS CARBON AND NITROGEN NUTRITION 1 

Albert E. Dimond and George L. Peltier 


A survey of published material reveals relatively 
little information concerning the nutritional physi- 
ology of Penicillium notatum Westl. on synthetic 
media. Metabolism studies of P. notatum on various 
media have appeared to be incidental to the more 
pressing problem of producing penicillin quickly 
and in quantity. Fleming (1929) originally used a 
nutrient broth non-synthetic in nature. The Oxford 
group (Abraham et al., 1941) then adopted a modi- 
fication of the so-called Czapek-Dox synthetic me- 
dium which supplies nitrogen as sodium nitrate and 
glucose as carbohydrate. Hobby, Meyer, and Chaffee 
(1942) suggested that brown sugar he substituted 
for glucose in this nutrient, with resultant higher 
yields and decreased time for maximum production 
of penicillin. Apparently a variety of carbon and 
nitrogen sources have been employed in liquid nu- 
trients (Foster, 1943; Foster, Woodruff and Mc- 
Daniel, 1943; McKee and Rake, 1942; Kocholaty, 
1942; Waksman and Horning, 1943); but specific 
data have not been offered. At the present time corn 
steep liquor appears to be an important component 
of the medium used. 

1 Received for publication June 28, 1944. 


It is the purpose of the present paper to discuss 
the relation between the period of incubation and the 
pH trend in nutrient solutions, as influenced by the 
composition of the nutrient on which P. notatum is 
grown. As these studies will show, the pH developed 
in liquid culture can be well regulated by supplying 
the organism with appropriate sources of carbon and 
nitrogen. Such a possibility would seem of value in 
the production of penicillin, in view of the fact that 
the pH of culture media must be kept in the range of 
5,5 to 7.5 for maximum production (Abraham et al ., 
1941). 

Experimental. — In this study a “surface” strain 
of P. notatum was grown in wide-mouth gallon jars 
having an internal diameter of 1 5 cm. The maximum 
depth of the medium was 10 cm. so that the surface: 
volume ratio was 0.1. Two liter quantities of media 
were added to each jar, sterilized, and inoculated 
with spore suspensions from several cultures of P. 
notatum. The incubation temperature varied from 
25° to 28 °C. Two days after inoculation, the surface 
mycelium was usually sufficiently heavy so that the 
culture medium could be gently and continuously 
stirred below by means of an aseptic stirring device 
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Fig. 1-4. — Fig. 1 (uppermost). Relation of time of incu- 
bation to pH developed in liquid culture by P. notatum 
when NaNOg is the source of nitrogen and different sugars 
are supplied. Curve G is curve for glucose, S for sucrose, 
L for lactose, GAL for galactose and M for maltose. — 
Fig. 2. Relation of time of incubation to pH developed in 
liquid culture by P. notatum when glucose is the sugar 
supplied and varying sources of nitrogen are used. Curve 
A is obtained when NaNQ 3 is supplied, B when a mix- 
ture of NaNO s and the amino acids tryptophane, as- 
paragine, and cystine are available, and C when these 
amino acids only are present. — Fig. 3, Relation of time 


without hindering further growth of the fungus pad. 

Except for media containing lactose, subsequent 
growtli wus on the surface of the medium. Stirring 
was effective in hastening penicillin production, so 
that the peak was reached in eight to nine days on 
all media in which penicillin was produced. Through 
the cotton plug in the mouth of the culture jar were . 

placed Y tubes of such construction that 1 0 ml. sam- 
ples of culture medium would be withdrawn for use 
in measuring pH of the culture medium without con- 
taminating the culture (fig. 3 in Beckord, 1943). 

All chemicals employed were of reagent grade. j 

Two types of media were employed for the work, the 
first being a slight modification of the medium com- 
monly used (Hobby, Meyer, and Chaffee, 1942) in 
experiments reported in the literature, consisting of | 

3.5 g. NaNOs, 1.5 g. KH 2 P0 4 , 0.5 g. KC1, 0.5 g. 
MgS 04 ~ 7 H 20 , 20 g. of pure sugar and trace ele- 
ments (Cu, Zn, Mo, Mn, Fe, B). These salts were 
diluted with a liter of distilled water. The second 
medium (Burkholder and McVeigh, 1942) was simi- 
lar except that NaN0 3 was omitted and in its place 

2.6 g. asparagine, 0.1 g. tryptophane, and 0.05 g. 
cystine were substituted. 

In some instances media were prepared in dupli- 
cate within a single experiment; in others single 
batches of media were employed for each experi- 
ment. All results reported are based on at least three 
independent tests. The results from test to test were 
always consistent. 

Results. — Nitrogen sources and change in pH . — 

The pH trend with time in all cultures which eon- 
jtained NaNOs as a source of nitrogen was upward 
'from an initially acid reaction (see fig. 1). Under 
these conditions the pH slowly rose from a value as 
low as 4.0 toward the range favorable for penicillin 
production, arriving in this neighborhood at least by 
the eighth day. Thus, when nitrate was the source of 
nitrogen, the trend in pH was apparently deter- 
mined by use of nitrate ion at a more rapid rate than 
.sodium ion, while the effect of sugar metabolism on 
IjpH was secondary (fig. 1 and 2). 

With the amino acids, the trend in pH with growth 
of the fungus was in the opposite direction, i.e. 3 
downward, when glucose and sucrose were the su- 
gars supplied (fig. 3, curves G and S). The down- 

of incubation to pH developed in liquid culture by P. nota- 
tum when the source of nitrogen is a mixture of the amino 
acids tryptophane, asparagine, and cystine, and when dif- 
ferent sugars are employed. Curve F is for fructose, curve 
F d~ G is for a mixture of equal quantities of fructose 
and glucose, curve G is for glucose, and curve S is for 
sucrose. — Fig. 4 (lowermost). Relation of time of incuba- 
tion to pH developed in liquid culture by P. notatum when 
the source of nitrogen is a mixture of the amino adds 
tryptophane, asparagine and cystine, and when the sugar 
supplied was varied. Curve O' was obtained when no sugar . 
was supplied. Curve L is for lactose, M for maltose, G *+* 

GAL for a mixture of equal quantities of glucose and 
galactose, GAL for galactose alone, and G for glucose 
alone. The region enclosed within the brackets is the 
region most favorable to production of penicillin. 
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ward trend of pH with growth was more pronounced 
for the glucose medium than for sucrose. 

Figure 2 contrasts nitrates and amino acids as 
nitrogen sources in liquid media, with glucose as the 
sugar source. Similar results were obtained when 
sucrose was used. In figure 2, curve A was obtained 
with nitrate as the sole N source, while curve C was 
obtained when amino acids were supplied. Inasmuch 
as the pH trends are opposite in direction in these 
two instances, it seemed of interest to test whether 
or not an intermediate type of curve might be ob- 
tained when amino acids and nitrate ion were sup- 
plied together in the medium. Curve B of figure 2 
is the typical curve noted for this situation, nitrate 
being present at the rate of 2 gins, per liter. In such 
a case the drop in pH is initially almost as rapid as 
for a medium supplying nitrate only. However, the 
pH does not finally drop so low, and starts to rise 
sooner than the curve for nitrates. Under these con- 
ditions the pH apparently remains low until most 
of the amino acids present are utilized. 

Carbon sources and change in pH . — Various car- 
bohydrates were used as constituents of the nitrate 
medium for P. notatum . In all cases, the trend was 
that already noted for glucose and sucrose. In figure 
1 are given the trends of pH with time when the 
sugars making up the medium were respectively glu- 
cose, sucrose, lactose, galactose, and maltose. Simi- 
lar changes were observed for fructose and brown 
sugar. 

Figures 3 and I indicate the results of typical ex- 
periments for all sugars tested on the amino acid 
medium except brown sugar. Brown sugar and 
sucrose showed the same trend in pH, though growth 
was somewhat more rapid on brown sugar. 

The contrast in the pH curves for various sugars 
is striking. Variation ranged from practically no 
change in pH on incubation (lactose) to a rapid drop 
in pH and gradual recovery to pH 4 (glucose). Nu- 
trients containing maltose and fructose became 
slightly more acid as growth of P. notatum went on, 
while solutions containing galactose and sucrose as 
well as those containing equal parts of fructose and 
glucose, glucose and galactose became acid more 
rapidly. 

In figure 4 are plotted the curves for lactose, mal- 
tose, glucose, galactose, and a mixture of glucose 
and galactose. In the mixture each sugar is added at 
half the normal concentration. Considering the fam- 
ily of curves consisting of lactose, galactose, glucose 
and the mixture of galactose and glucose, one can 
see that these curves form three separate groups. 
These groups are (1) lactose alone, (2) glucose 
alone, and (3) galactose alone and glucose plus 
. galactose. No change in pH occurred during the nor- 
Jl mal course of metabolism on lactose. Curve G for 
glucose contrasts with this, for the pH changed 
from the neighborhood of neutrality to pH 3.5 in 
about five days. The curves for galactose and for 
glucose plus galactose are similar to one another. 
For these the pH tends to drop more slowly than for 


glucose alone and drops only to pH 4.5 in the same 
period. 

Discussion. — Nitrogen sources and change in pH. 

— The striking point about the curves relating pH 
of the culture medium to time of incubation for dif- 
ferent sources of nitrogen (fig. 1, 2, and 3) is that 
hthe pH of the medium can be controlled by supply - 
Hing the appropriate nutrients. By supplying graded 
quantities of nitrate and amino acids, any desired 
pH for a particular stage of the growth period can 
be obtained when a sugar is used which is metabo- 
lized to organic acids. Reasons for such behavior are 
not hard to find. Foster, Woodruff, and McDaniel 
(1943) have ascribed the initial drop in pH in ni- 
Itrate media to formation of gluconic acid from glu- 
cose or sucrose, and the gradual trend back toward 
neutrality to the absorption and metabolism of ni- 
trate ion without a correspondingly rapid utilization 
of the sodium ion. The latter presumably becomes 
associated with hydroxyl ion from water in the nu- 
trient and pH rises as these accumulate. This trend 
of pH with time is characteristic of nitrate metabo- 
lism in plants (Nightingale, 1937). The trend 
toward decreasing pH values with amino acids might 
be similarly considered as due to the accumulation off] 
organic acids resulting from the deamination of 
amino acids and from formation of gluconic acid| 
when glucose is the source of carbon. Thus, One 
might expect a more rapid and greater drop in pH 
when amino acids are the nitrogen source than when 
nitrates are supplied. 

The trend for the intermediate curve might well 
depend on which form of nitrogen was most readily 
used by the fungus. In general, amino acids appear 
to be used selectively when both NO** ion and amino 
acids are available. The organic acids from amino 
acids may be used as the carbon source more rapidly 
than glucose, after the glucose concentration has 
been reduced somewhat by metabolism with the re- 
sult that pH remains stable. All the curves in figured 
4 indicate that the pH does remain stable from the jl 
fifth day onward. Much more rapid growth occurred ” 
on the amino acid medium than on the nitrate 
medium. 

Carbon sources and change in pH . — A compari- 
son of the various curves in figures 3 and 4 indicates 
something as to the metabolism of the sugars in- 
volved. In figure 3 are compared the pH trends for 
sucrose, fructose, glucose, and a mixture of equal 
parts of glucose and fructose. The last nutrient con- 
tained each sugar at half the usual concentration, 
and would be the mixture obtained if sucrose were 
hydrolyzed initially to its constituent monosaccha- 
rides. The pH trend for sucrose is somewhat dif- 
ferent from that for the mixture of the two mono- 
saccharides. The curve for sucrose is distinct from 
that for fructose. Each differs from that of glucose 
alone or of glucose and fructose in equal quantity. 
In the mixture of glucose and fructose, glucose ap- 
pears to be the principal sugar metabolized, whereas 
the fructose is used slightly if at all. This is indi- 
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cated by the similarity of curve F + G and curve G 
and the contrast between these and curve F as shown 
in figure 3. Other aspects of the behavior of P. nota- 
tum growing on these nutrients give evidence for the 
relative unavailability of fructose. The growtli of 
P. notatum on nutrients containing fructose alone 
is slow and the nutrient becomes gradually colored 
by a black pigment. No such pigmentation occurs 
when the nutrient contains a mixture of fructose 
and glucose and growth is almost as rapid as in a 
nutrient containing glucose alone. 

It appears as though sucrose is gradually hydro- 
lyzed to fructose and glucose, and the glucose then 
proceeds to the gluconic acid stage as a subsequent 
step. This picture of sucrose metabolism would ac- 
count for the gradual drop in pH with time as con- 
trasted with the more rapid drop in media containing 
glucose and fructose together or glucose only. 

From figure 4 it can be inferred that glucose is 
used rapidly in growth, presumably with formation 
of gluconic acid. Likewise acid is formed as galac- 
tose is used. When a mixture of glucose and galactose 
is available, the galactose appears to be used first, 
since the time vs. pH curve of the mixture is almost 
that for galactose alone. The curve for lactose is of 
interest since there is practically no change in pH 
with time in this medium. On the lactose-amino acid 
medium, growth is slower in starting than for other 
sugars, but penicillin activity, as measured,, from the 
crude filtrates in these tests, appeared both earlier 
and in greater quantity than with any other sugar 
tested. Figure 4 indicates that pH remains fixed 
within the optimum range for penicillin formation 
in this medium. There are several possible interpre- 
tations of the difference between the curve for lac- 
tose utilization and for curves of the related sugars. 

^Lactose may be utilized very slowly and completely 
as it is broken down to the monosaccharides without 
accumulation of sugar acids. A second possibility is 
that lactose is not hydrolyzed to constituent sugars, 
or if hydrolyzed, the corresponding sugar acids are 
not formed in the resulting metabolism. The third 
possibility is that lactose is not used at all by the 
fungus, but that the fungus obtains its, carbon from 
the amino acids. 

The medium consisting of the mixture of glucose 
and galactose is approximately the medium which 
would result from hydrolysis of lactose. If the course 
of lactose utilization involves hydrolysis, then one 
might logically expect a gradual drop in pH with 
V time, since a nutrient composed either of glucose, 
| galactose, or a mixture of these two becomes more 
"acid with time. Though the drop in pH with time in 
a lactose medium might be slower than in a mixture 
of glucose and galactose owing to gradual break- 
down of lactose, there would still be a drop in pH 
with time. Figure 4 shows that no such accumulation 
of hydrogen ions occurs and this leads to the con- 
clusion that lactose is not hydrolyzed to constituent 
sugars in its metabolism. 


Slow growth by the fungus on an amino acid- 
lactose medium suggests that lactose may not be 
utilized. To test this point, growth of the fungus was 
observed on a medium containing amino acids with- 
out sugar. The resulting curve of pH with time is 
curve “O” in figure 4. This curve indicates a gradual 
but definite rise in pH with time, starting with a 
neutral reaction and ending in excess of pH 8. Evi- 
dently, then, lactose is slowly used by the fungus. 
In the medium lacking sugar, the gradual rise of pH 
with time is interpreted as being the result of more 
rapid utilization of the carbon chain of the amino 
acids than the amino nitrogen of the molecule. Thus, 
there is a gradual accumulation of basic nitrogen in 
the nutrient solution, resulting in a rise in pH. 

The pair of curves (fig. 4) describing the change 
of pH with time for nutrients containing maltose on 
the one hand and glucose on the other presents a 
similar problem. There is marked contrast between 
these two curves and little if any accumulation of 
acid in the medium supplying maltose as a sugar. 
Since growth is rapid on the medium, maltose must 
be used by the fungus. Moreover, there is a differ- 
ence between the pH vs. time curve in media con- 
taining amino acids with and without maltose 
(curves M and O). It would seem, again, that, if 
maltose were hydrolyzed to glucose in metabolism, 
gluconic acid would accumulate and there would be 
a more rapid drop in pH than was observed in this 
medium. 

The data presented indicate that pH of the nu- 
trient medium can be regulated without addition of 
acids or alkalies by merely supplying the fungus 
with the proper sources of carbon of nitrogen. Addi- 
tion of acids and alkalies is of questionable value in 
production of penicillin, for in our tests, no penicil- 
lin was produced in media in which pH was con- 
trolled by means of this technique. 

Growth in the presence of mass inocula. is. very- 
rapid on an amino-acid sugar medium. The use of 
yeast extract has been suggested to hasten the pro- 
duction of penicillin (Clifton, 1943). It may be that 
the organic nitrogen introduced in this process is 
sufficient to cause an initially rapid growtli, which 
is followed by more leisurely absorption of nitrate, 
once the fungous pad is established. In this latter 
phase of growth, pH of the culture medium would 
be rendered favorable to penicillin production. This 
| hypothesis is strengthened by the work of Kocho- 
laty (1942) which indicates that the usual growth 
* factors are not important in the metabolism of P. 
notatum. 

SUMMARY 

The present investigation concerned itself with 
the relation between pH of the nutrient medium 
and time of incubation, particularly as this relation 
is affected by varying the source of nitrogen or 

sugar. 

When nitrate nitrogen was supplied, the pH first 
dropped slightly, then gradually rose to the range 
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favorable for penicillin production. This was ob- 
served for sucrose, lactose, glucose, brown sugar, 
maltose and galactose. 

When amino acids were present, the relation of 
pH to time of incubation varied with the sugar. 
For lactose, the pH remained practically constant 
at pH 7.0. With maltose, the pH dropped slightly 
to about 6.0 and remained constant. For fructose 
the same type of curve was obtained. For sucrose, 
glucose, galactose and mixtures of glucose and fruc- 
tose as well as glucose and galactose, the pH fell 
to the range of 3.5 to 4.5 and remained there until 
autolysis began. The relation of this behavior to 
sugar metabolism is discussed. 

When amino acids and nitrate nitrogen were sup- 
plied together, the pH fell somewhat, but neither 


to so great an extent as with nitrate alone or amino 
acids alone and rose again to a level intermediate 
between that observed for nitrate alone and amino 
acids alone. 

These results suggest that by supplying the 
proper nutrients to cultures of P. notatum, control 
of the pH of the culture medium may be main- 
tained. The relation of pH to the production of 
penicillin is by now well known. Such techniques 
for control of pH, together with the fact that 
growth becomes rapidly established on amino acid 
media may find use in production of penicillin. 

Departments of Botany and Bacteriology, 
University of Nebraska, 

Lincoln, Nebraska 
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THE BREEDING OF ORNAMENTAL EDIBLE PEACHES FOR MILD CLIMATES. 
I. INHERITANCE OF TREE AND FLOWER CHARACTERS 1 

Walter E. Lammerts 


The rapidly increasing population of Southern 
California has resulted in a great increase in subur- 
ban homes with relatively small planting space. Ac- 
cordingly, dual purpose trees combining ornamental 
value with the production of edible fruit are much 
in demand. Double flowering peach trees are the 
most popular of the ornamental deciduous trees be- 
cause of their rapid growth, great profusion of 
bloom and ease of culture. Unfortunately, most 
varieties bear small, fuzzy, clingstone fruits with 
unattractive skin color and rather bitter flavor. The 
one exception seems to be the variety Aurora which 
has a medium size white freestone fruit, which, 
though lacking in color, is comparatively free of 
bitterness. Occasionally other trees are reported 
but all so far found are small, unattractive in color, 
and at best only fair in flavor. In order to develop 
ornamental varieties with larger freestone fruits, 
having good skin color and flavor, hybridization of 
the best commercial peaches with double flowering 
varieties was begun in the spring of 1936. In this 
report, only the data on the inheritance of tree and 
flower characteristics found to be of importance in 
accomplishing this objective are presented. 

Material and methods. — The Babcock peach 
was selected as the white-fleshed commercial vari- 
ety, because it has a well-shaped fruit of excellent 
skin color and sweet flavor. It was crossed with the 
Early Double Pink and Early Double Red varieties 
in the spring of 1936. These varieties have a short 
chilling requirement and so flower very uniformly 
and abundantly after even our mildest winters. Their 
clingstone fruits are very bitter, small and fuzzy, 
with the skin completely lacking in color. The Bab- 
cock was used as the female parent in these crosses 
because of the relatively high percentage of flowers 
which set fruit. The Rio Oso Gem was selected as 
one of the yellow fleshed commercial varieties be- 
cause it has very large, high quality fruit when 
grown in regions with sufficient winter chilling. The 
J uly Elberta was used as the other yellow fleshed 
variety because it has a medium large fruit of good 
quality, even in Southern California, mainly due to 
its chilling requirement being short enough to be 
satisfied by our mild winters. Both Rio Oso Gem 
and July Elberta were crossed to the ornamental 

1 Received for publication August 19, 1944. 

The author is indebted to the Armstrong Nurseries, 
Ontario* California, for facilities used in growing and 
maintenance of hybrid progenies while employed by them 
from 1935-1940, and especially to Herbert Swim of the 
Armstrong Nurseries for his cooperation in making it 
possible for the author to continue his observations of 
these progenies while employed by the University of Cali- 
fornia, Los Angeles, since 1940. 


Chinese Dwarf Mandarin which has rather small, 
double red flowers, is practically evergreen espe- 
cially near the coast, and has a very short chilling 
requirement. By intercrossing F 2 selections of these 
hybrids with those obtained from Babcock x Early 
Double Pink and Red, both semi-evergreen and de- 
ciduous, yellow and white fleshed, double flowering 
varieties of good quality have been obtained. Some 
of these F 2 seedlings have recently been crossed to 
very early flowering seedlings of St. Helena, an- 
other evergreen variety having small freestone yel- 
low fruit, and to derivatives of Babcock x May- 
flower having a very short maturity cycle, in hopes 
of developing early fruiting ornamental varieties. 

The fruit of the above crosses was harvested at 
maturity and, as already reported (Lammerts, 
1942), most of the seeds were embryo-cultured. 
Very high germination percentages (often 100 per 
cent) were obtained, and the trees from crosses 
made in 1936 were indexed as to leafing and flower- 
ing characteristics in the spring of 1938. Since a 
short chilling requirement and good flower charac- 
ter were two of the main objectives of the breeding 
work, full advantage could be taken of the short 
breeding cycle resulting from the use of the em- 
bryo culture technique. Selections were regularly 
made two years after crossing in the spring at 
flowering time and these selections were immedi- 
ately used in selfing and backcrossing. Thus, se- 
lected trees from the 1936 crosses were selfed and 
backcrossed in the spring of 1938. In the summer 
of 1938 further selections, based on fruit quality, 
were made and these were selfed and backcrossed 
in the spring of 1939. The F 2 and backcross prog- 
enies resulting from the 1938 pollinations were in- 
dexed in the spring of 1940 and those from the 1939 
pollinations in the spring of 1941. Except where 
noted, all populations reported in this paper were 
grown at the Armstrong Nurseries, Ontario, Cali- 
fornia. 

The Fi hybrids. — None of the 33 F^ hybrids' of 
Babcock x Early Double Pink 2 leafed and flowered 
as early as Early Double Pink, which began leafing 
and flowering January 22, 1938. The spring of 
1938 followed a very mild winter during which only 
406 40 °F. hours occurred (Lammerts, 1941). As 
shown in table 1, only one hybrid leafed out and 
flowered by February 10. Another group of ten 
leafed out and flowered during the period from 
February 22-27, and four hybrids did not begin 
leafing or flowering until March 15-25, later than 
Babcock which began flowering March 10, though 

2 Except where otherwise noted, the variety mentioned 
first was used asthe female parent. 
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Table 1 . Leafing out dates of F± hybrids obtained by crossing indicated low chilling double flowering varieties with 
high chilling commercial varieties. The number of 40° F. hours in years when records were taken are also given. 
Records taken at Ontario 9 California. 


Low chilling 
double varieties 

Leafing 
out date 

Fx hybrids grouped according 
to indicated leafing out dates 

Total 

High chilling 
commercial 
varieties 

Leafing 
out date 

No. hours at 
or below 40° F. 
Nov. 1-Mar. 1 

Early Double Pinkd* 

1/32/38 

2/10/38(1), 2/22-27(10), 
3/5-9(18), 3/15-25(4.) 

33 

Babcock ? 

3/26/38 

406 ' 

Early Double Redd* 

2/24/38 

2/21-26/38 (3 ), 3 /4-9 ( 15 ) , 
3/10-20(11), 3/25-30(17) 

46 

Babcock ? 

3/26/38 

406 

Chinese Dwarf Ever- 
green 5 

l/24/39 a 

1/22-29/39(4), 2/9(1), 2/27(6) 

11 

Babcock d 

3/24/39 

647 

Chinese Dwarf Ever- 
green 5 * * 

1/24/39 

2/4-9/39 (2), 2/25-27 (4) 

6 

Socala d 

3/25/39 

647 

Chinese Dwarf Ever- 
green? 

1/24/39 

2/27-28/39(13) 

13 

Rio Oso Gem d 

4/15/39 

647 


a Date refers to leafing of lateral buds ; terminals remain evergreen except in coldest years at Ontario, California. 


delayed in leafing until March 26. The results are normal in height and 16 were very small brachytic 

substantially the same in the crosses of Chinese dwarfs, having very short internodes like the Chi- 

Dwarf Evergreen with Socala and Rio Oso Gem. nese Dwarf Evergreen parent. The normal type, at 

Evidently, then, the short chilling requirement of the end of two years from culturing of the seeds, 

varieties such as Early Double Pink is not inherited varied in height from five to seven feet while the 

as a dominant factor. In Southern California, time dwarfs were only one to one and one-half feet high, 

of flowering is dependent on the satisfaction of the As there were about an equal number of deciduous 

chilling requirement, although usually occurring and evergreen dwarfs, no linkage between the ever- 

earlier than leafing, since flower buds require less green character and dwarf habit is indicated. This 

chilling than leaf buds. Though unusually warm dwarf type is then inherited as a simple recessive 

spring weather causes earlier flowering, the re- and may be denoted by the symbol dwdw, the tall 

sponse is inversely proportional to the chilling re- normal type of peach being DwDw. The dw factor 

quirements. Therefore, edible, very early/ double causes a more extreme type of dwarfing than is char- 

flowering varieties can only be obtained by growing acteristic of the Japan Dwarf Blood used by Blake 
rather large self ed progenies. (1933). 

All of the above hybrids as well as those obtained When the Babcock peach was close pollinated, a 
by crossing Chinese Dwarf Mandarin with Rio Oso population of 329 seedlings segregated into 308 tall 

Gem, had flowers much larger than Babcock and normal to 21 somewhat brachytic, bushy types with 

slightly larger than Rio Oso Gem. The flower color shorter internodes and thickened branches. These 

was darker pink than is characteristic of Babcock, grew to a height of only two and one-half to three 

The F x population of Chinese Dwarf Mandarin x feet at the end of the two-year growth period. The 

July Elberta segregated into the large or “showy” theoretical expectation, on the basis of a dihybrid 

flower class and the small or “non-showy.” All Fx 15:1 ratio, is 308.5 to 20.5. Evidently, then, this 

hybrids had single flowers with the exception of a bushy, compact-growing type is the result of the 

few trees in the Babcock x Early Double Pink and interaction of duplicate, recessive factors neither 

Red populations. These trees had occasional flowers one of which is able to cause any readily appreciable 

with 1-3 extra petals or petaloids. However, as may decrease in height when acting alone. The Fx hy- 

be seen by referring to tables 3 and 4, these trees did brids of Chinese Dwarf Evergreen x Babcock were 

not differ in their transmission of the double flower- normal in height, indicating that neither of these 

ing character from those showing only single flowers, duplicate factors is allelomorphic to the dw factor, 

so the occurrence of these occasional flowers with The bushy type is then of the genetic constitution 

extra petals probably does not signify a different buxbux bu 2 bu 2 , and the normal type is BuxBux 

genetic constitution. Bu 2 Bu 2 . The factorial situation relative to tree 

The Fx hybrids of Chinese Dwarf Mandarin x height as far as analyzed is then as follows: 

Rio Oso Gem, Babcock and July Elberta, were com- Tall n0Tmal DwDw Bui b Ui Bu 2 Bu 2 

pletely deciduous and normal in height. Bushy compact DwDw bu 1 bu 1 bu 2 bu 2 

The f 2 and backcross progenies. — (1) Tree Dwarf dwdw BuxBuxBu 2 Bu 2 

characteristics .—(a) Dwarf vs. normal habit. An Since Babcock is heterozygous for the duplicate 
F 2 population of Chinese Dwarf x Rio Oso Gem bushy factors, about one-fourth of the F, hybrids 

consisting of 71 plants, showed a very clear-cut 3:1 obtained by crossing to Early Double Red and Pink 

segregation into two classes, i.e., 55 plants were (tall normal) would be expected to segregate for 
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Table 2. Leafing out dates of F 2 hybrids obtained by selfing indicated hybrids. Leafing out dates of seedlings from 
St. Helena, Babcock, and Rio Oso Gem close pollinated are also given. Records were taken at Ontario, California* 
except in the case of St. Helena seedlings grown at West Los Angeles Station. 



Progeny No. 

Leafing 


of Fi hybrids 

out 

£ 'g . 

selfed 

date 

* .5 £ 

-.PH <U 

Q-f" GO 

* 36058/2 

2/10/38 

^ CD 

v -2 ns 

36058/2 

2/10/38 

8 ° ft 

36058/11 

3/6/38 


36058/16 

2/22/38 




36058/28 

2/27/38 


36058/33 

2/24/38 


36057/4 

2/21/38 

*0 

p e 

36057/4 

2/21/38 

x p* 



0 + Sa 

75 to 

« H 2 

36057/14 

3/2/38 

S 0 j- 

36057/17 

3/7/38 

w 7 : 

36057/22 

3/4/38 

w 

36057/23 

3/2/38 

Chinese Dwarf $ 


x Rio Oso Gem £ 

2/29/40 


37141/8 


Babcock 



close pollinated 

3/26/38 

Rio Oso Gem 
close pollinated 

St. Helena 

4/15/39 

close pollinated 

1/10/41 


F 2 hybrids grouped according to 
indicated leafing out dates 

1/30/42(35), 2/10-11(2), 2/15-22(3) 
1/25/41(1), 2/1(1), 2/3(4), 2/5(1) 
1/30/42(5), 2/2-3(4), 2/5-8(19), 
2/11-15(10), 2/26-28(4), 3/6(3) 
2/3/41(2), 2/6(1), 2/12-15(4), 2/20(1) 
1/27-30/42(15), 2/5-8 (5), 

2/11-15(4), 2/19-22(2) 

1/30/42(6), 2/7-10(6), 2/13(2), 2/22(1) 

2/6/41(1), 2/10-12(5), 2/18-20(9), 
2/22-24(5), 3/10(1) 

1/25-2/1/42(23), 2/4-8(19), 

2/10-12(7), 2/23-28(9) 

2/3-4/41(3), 2/6(1), 2/13-15(5), 
2/23-25(2), 3/8(1) 

1/30/42(10), 2/3(5), 2/7(2), 
2/11-15(13), 2/26-27(6) 

2/1/41(1), 2/9(1), 2/18-20(4), 
2/24-26(2), 3/8(1) 

2/6/41(1), 2/10-15(4), 2/21-24(8), 
3/10-12(3) 

1/16/43(5), 1/23-25(4), 1/31(5), 
2/4-10(3), 2/12-16(24), 2/18-20(22), 
2/27-3/1(2), 3/9-10(2), 3/17-19(3) 
2/20-3/4/38(16), 3/15-20(180), 
3/21-26(57), 3/27-4/1(61), 

4/1-5(38), 4/6-10(2) 

3/22-24/39(9), 3/29-31(15), 4/3-5(11) 

1/7-9/44(10), 1/13-17(11), 

1/20-24(9), 1/26-30(10) 


a 10 semi-evergreen seedlings, terminals remained evergreen, and 1 evergreen seedling. 


Total 

No. hours at 
or below 40° F. 
Nov. 1-Mar. 1 

40 

942—1942 

7 

363—1941 

45 

942 

8 

363 

26 

942 

15 

942 

21 

363 

58 

942 

12 

363 

36 

942 

9 

363 

16 

363 

70 a 

584—1943 

354 

406—1938 . 

35 

647—1939 

40 

70—1944 


the bushy habit. This expectation was realized and 
some of these bushy seedlings, when combined with 
good fruit and flower characters, may prove to be of 
value for backyard plantings. 

(b) Evergreen vs. deciduous habit . — A small F 2 
•population of Chinese Dwarf Evergreen x Rio Oso 
Gem, grown in the Horticulture Orchard of the Col- 
lege of Agriculture at West Los Angeles, only 7 
miles from the ocean, segregated into five deciduous 
to six semi-evergreen to five evergreen. The five seed- 
lings classed as evergreen showed no bare areas in 
the winter of 1942 and the terminal shoots continued 
growing. The trees classed as semi-evergreen varied 
in behavior, three trees merely retaining their ter- 
minal leaves, all the rest of the branches dropping 
them, while the terminals of the other three semi- 
evergreen trees continued growth but most of the 
rest of the tree dropped its leaves. These sixteen 
trees are the only survivors of 41 embryos cultured 
in the fall of 1940, the loss being due to the adverse 
effect of low greenhouse temperature. Since there is 
evidence of differential survival in favor of low chill- 
ing and evergreen types when embryo-cultured seed- 


lings are grown at temperatures of 45-55° (Lam- 
merts, 1943), it is impossible to draw conclusions 
from this population as to the number of factors in- 
volved in deciduous vs. evergreen behavior. A much 
larger F 2 population from the same cross, grown 
and observed at the Armstrong Nurseries, Ontario, 
California, 50 miles from the ocean where winters 
are colder than in West Los Angeles, segregated into 
fifty-nine deciduous to ten partial evergreen and 
only one evergreeh. Evidently, then, the evergreen 
character is recessive but due to the interaction of 
several factors, which are inhibited in their expres- 
sion by low temperatures. Even at the West Los 
Angeles Station, the trees originally classed as ever- 
green cast most of their leaves toward the base of 
the tree in the winter of 1943 and 1944 when they 
were three and four years old respectively. The ever- 
green behavior is then not so strongly expressed in 
the older trees, a characteristic observed in the Chi- 
nese Dwarf Evergreen but not so noticeable because 
of the very short branches. St. Helena trees now 
three years old seem to be more truly evergreen in 
their behavior than the evergreen derivatives of Chi- 


56 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 


nese Dwarf Evergreen so far observed at West Los 
Angeles. 

(c) Short vs. long chilling requirement . — In table 
2 the leafing out dates of the various F 2 progenies 
obtained by selfing indicated plants of the F x hy- 
brids shown in table 1 are summarized. Seedlings 
were recorded as beginning to leaf out when from 
one-eighth to one-quarter inch of leaf growth had 
occurred on at least the terminal and most of the 
lateral buds. As shown by Lammerts (1941) this 
method of indexing varieties as to chilling require- 
ment is more accurate than the use of arbitrary grade 
numbers. Though insufficient chilling results in many 
other effects, delayed foliation is the most easily 
measurable one so far observed. In spite of the fact 
that different years are involved in the recording of 
the ¥ 1 and F 2 data, it is believed they are compara- 
ble because all of these years were relatively mild. 
Even in 1942 the chilling requirement of varieties 
such as Rio Oso Gem was far from completely satis- 
fied, it being delayed in leafing until April 15. Fol- 
lowing the relatively severe winter of 1936-37 it 
leafed out March 9. Furthermore two different F 2 
progenies from the same Fi hybrid, 36058/2, one 
recorded in 1941 following a very mild winter, and 
the other in 1942, both show the same range in leaf- 
ing out dates. Also trees recorded in 1938 and 1939 
maintained the same sequence of leafing out during 
the rest of the period covered by the records pre- 
sented in table 2. It was observed that as the seed- 
lings became older their chilling requirement in- 
creased slightly. Several facts are clearly shown by 
a study of the data presented. These may be sum- 
marized as follows : 

(1) All Fx hybrids without exception show an 
F 2 segregation characterized by the appearance of 
seedlings definitely much earlier leafing than the Fi 
parents used. 

(2) F 2 progenies of the relatively late leafing Fi 
hybrids such as 36058/11, 36057/17, and 36057/22 
have seedlings which are just as early leafing as 
those found in progenies of the early leafing F^s 
such as 36058/2. 

(3) The latest leafing F 2 seedlings are but rarely 
significantly later leafing than their F^ parents. 
Even in the case of the Chinese Dwarf Evergreen x 
Rio Oso Gem, only five of the F 2 seedlings were 
later leafing than the Fi. None of the F 2 seedlings 
was as severely delayed as even young trees of Rio 
Oso Gem. 

(4) By selfing varieties such as Babcock and even 
Rio Oso Gem which is usually very severely delayed 
in leafing in Southern California, seedlings which 
are much earlier leafing may readily be obtained. In 
fact, several promising new varieties have been ob- 
tained in this way. 

(5) St. Helena, however, when close pollinated, 
gave 43 evergreen and one partially evergreen seed- 
ling, all of which were very early leafing. The spread 
of 20 days in leafing out of the lateral buds was rela- 
tively small, though obviously this variety is not 


homozygous for all the early leafing or low chilling 
factors. 

(6) Some of the earliest leafing F 2 seedlings ob- 
tained from Babcock x Early Double Pink, both 
deciduous, retained their leaves so late in the winter 
and leafed out so early in the spring as to be very 
similar in their behavior to the partially evergreen 
seedlings found in the F 2 of Chinese Dwarf Ever- 
green x Rio Oso Gem. This would seem to indicate 
that evergreen behavior may merely be due to the 
accumulation of a series of recessive factors causing 
a very low chilling requirement. On the other hand 
the lateral buds of some evergreen and semi-ever- 
green trees were later in leafing out than those of the 
earliest leafing deciduous sibs, though all were rela- 
tively early leafing. 

The above facts indicate that a low chilling re- 
quirement is due to the accumulation of many fac- 
tors, most of which are recessive and cumulative. 
However, some recessive factors causing a high chill- 
ing requirement are also involved by the F 2 popula- 
tion of Chinese Dwarf Evergreen x Rio Oso Gem 
where five seedlings having a significantly longer 
chilling requirement than the F x hybrid occurred. 
More complete analysis of the factors involved in the 
inheritance of low vs. high chilling requirement as 
well as their relation to evergreen behavior awaits 
the development of lines breeding true for (1) ever- 
green behavior, (2) low chilling deciduous and (3) 
high chilling deciduous behavior. Intercrossing of 
such strains, selfing of their F* hybrids and back- 
crossing to appropriate tester lines should give a 
much clearer picture of the obviously complicated 
factorial relationship. 

(2) Flower characters. — Size . — As reported by 
Conners (1919, 1922), Blake (1931) and Bailey 
and French (1942) there is a very distinct break 
between the recessive, large, broad petaled type 
called the “showy” flowered class by Blake (1931) 
and the dominant, medium or narrow petaled, “non- 
showy” class. All the ornamental varieties used have 
double flowers of the showy type. The following 
varieties when intercrossed give all showy flowers 
in the F^ ; Chinese Dwarf Mandarin or Evergreen, 
Early Double Pink, Earjy Double Red, Pepper- 
mint Stick, Rio Oso Gem, Vainquer, Mayflower, 
Quetta Nectarine, Goldmine Nectarine and Lukens 
Honey. They all, therefore, have the same recessive 
sh factor in common. Sims, Early Imperial and Mil- 
ler's Late carry the homozygous, dominant, non- 
showy factors ShSh, as they give all non-showy 
flowers when crossed to the above varieties. Elberta 
as reported by Bailey and French (1942), July 
Elberta, and Socala are heterozygous, as they give 
1 : 1 ratios for showy vs. non-showy when crossed to 
Lukens Honey. Selfed progenies of showy x non- 
showy gave clear-cut ratios of 3 non-showy :1 showy. 

As reported by Bailey and French (1942) varia- 
tion in the non-showy class occurs so that the hetero- 
zygous, medium-flowered genotype cannot be readily 
separated from the homozygous, small-flowered 
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Table 3. Glassification of backcross progenies as to color and petal number. 



Charac- 



Pi 

(Babcock x Early 

36058/11 
(Babcock x 


teristic 



Double Red) x Early 

Early Double 


number 

of 

Amount of 

Flower 


Double Red 
18-34 petals 


Pink) x Early 
Double Pink 

Grade 

petals 

variation 

color 

36057/4 

36057/19 

Total 

10-15 petals 

1 

5 

Very rarely extra petal or 

Red 

8 

5 

13 




petaloid 

Pink 

7 

7 

14 

33 

3 

5 

Appr. 10% flowers 1-3 extra 

Red 







petals or petaloids 

Pink 




3 

3 

5 

Appr. 35% flowers 1-3 extra 

Red 







petals or petaloids 

Pink 




4 

4 

5 

Appr. 50% flowers 1-3 extra 

Red 







petals or 1-6 petaloids 

Pink 




5 

5 

5-10 

Often 3-3 extra petaloids. 5 

Red 







petal flowers rare 

Pink 




0 

6 

10-14 

Rarely flowers with only 5 

Red 







petals 

Pink 




3 

7 

10-14 

Rarely flowers with 5+1 — 3 

Red 

3 


3 




petaloids 

Pink 

1 


1 

/ 3 

8 

14-16 

Occasional extra petaloids. No 

Red 

5 

3 

8 




flowers with only 5 petals 

Pink 

3 

3 

5 

7 

9 

15-18 

Occasional extra petaloids. No 

Red 

1 


1 




flowers with only 5 petals 

Pink 


1 

1 


10 

15-30 

Occasional extra petaloids. No 

Red 

1 

1 

3 




flowers with only 5 petals 

Pink 

1 

1 

3 


11 

30-34 

Occasional extra petaloids. No 

Red 

1 


1 




flowers with only 5 petals 

Pink 

1 

3 

3 




Total all classes 

Red 

Pink 

18 

13 

9 

13. 

37 

36 

48 


type. In the showy class two distinct flower size 
types occur, the small showy such as Babcock and 
Chinese Dwarf Evergreen which range from 14 to 
17 millimeters long by 11 to 13 mm. wide, and the 
large showy type such as Early Double Pink or Red, 
Rio Oso Gem, Mayflower, Lukens Honey and many 
of the nectarines such as Goldmine, ranging from 
21 to 30 mm. long by 15 to 19 mm. wide. Some varia- 
tion in this large-flowered group occurs in that the 
range in Lukens Honey is 21 to 22 mm. long by 15 
to 18 mm. wide, whereas Peppermint Stick ranges 
from 23 to 30 mm. long by 15 to 19 mm. wide. All the 
Fi hybrids of Babcock x Early Double Red had 
flowers larger than those of Babcock. In the back- 
cross to Early Double Red, 14 trees had flowers 
about the size of the F x flower and 17 had definitely 
larger flowers comparable in size to those of Early 
Double Red. Though there was some variation in 
both classes, there is one main gene L for large 
flower size which is incompletely dominant. The 
effect of this gene on the size of the non-showy 
flower was not studied. 

It is fortunate from the breeding point of view 
that both Socala and July Elberta carry the reces- 
sive sh factor, thus making it possible, by selling 
showy flowered F x hybrids, to get all showy flowered 
Fg generations from which selections based on the 


degree* of doubleness or fruit quality may be made. j 

Flower color . — Ornamental flowering peaches 
may be either light or dark pink, red or white. Many 
varieties varying in petal number and chilling re- 
quirement occur in each of these color classes. The 
most strikingly beautiful variety, however, is the j 

variegated red, pink and white Peppermint Stick 
with very large flowers having from 17 to 25 petals. 

As shown in table 3, clear-cut segregation of pink 
and red in a 1:1 ratio occurred in the progeny ob- 
tained by backcrossing Babcock x Early Double 
Red to Early Double Red. The F 2 population (table 
4) segregated in the ratio of 3 pink : 1 red. Red 
flower color may then be denoted by the recessive 
symbol rr and pink by the symbol RR. The flowers 
of Early Double Pink are a darker shade of pink j 

than those of Babcock or Rio Oso Gem. The F x 
hybrid flowers were also slightly darker. Several F 2 
progenies were classified as to shade of pink, placing 
all the trees with flowers as dark as the F x or darker 
in one class and those with the light pink Babcock 
type of flower in the other. These populations segre- 
gated as shown in table 5. j 

Evidently light pink is recessive to dark pink and 
is due to one main recessive factor, so may be de- j 

noted by the symbol pp, dark pink being PP. The 
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Table 4. Glassification of F 2 progenies as to color and petal number. 


Charac- 

teristic 

number 

of 

Grade petals 

Amount of 
variation 

Flower color 

F x trees of 

Babcock x Early Double Red 
5 petals 18-24 petals 

OO Cl 05 05 X 00 CO 00 

X C5 CO co co co coco CO CO 

COCO 05 05 05 05 05 C5 05 C5 

C5C5 fH rHrHi— (rHrH >— ■ 1 r~t 

Tl-LlJ.iJ.J.li 

4 h i—i r— i r—i cn Ot CO 
\ -N. \ \ X, W \ \ \ 

I'* • if** 

4.0 . *0 *o a O *0 o 

ooo ooooo o o 

CD CD CO CO CO C© CO CO CO CO 
COCO CO cococococo CO CO 

Total 

X 

CO 

05 

fH 

X 

*Q 

o 

CO 

CO 

F x trees of Babcock x 
Early Double Pink 

5 petals 10-15 petals 

C5 X 05 CO 05 

® M CO CO M 00 

CO ©5 05 05 05 05 

05 F-t rH fH r-| i— i 

1 1 Mil 

©* 3^ CO CO 

X X X X X* x FH 

-*D *0 «5 l!5 «3 oj 

o o o o o o ** -J 

CO CO CO CO CO CO 

CO CO CO CO CO CO H . 

1 

5 

Very rarely extra petal or 

Red 

5 9 

3 

2 

9 

3 


4 

1 

3 

39 

1 

6 




petaloid 

Pink 

10 33 

5 

3 

22 

3 

6 

10 

5 

1 

98 

5 

25 35 6 18 5 9 103 

g 

5 

Appr, 10% flowers 1-3 extra 

Red 

.. 1 









1 


. . 




petals or petaloids 

Pink 

2 



1 






3 


1 

2 .. 1 1 2 7 

3 

5 

Appr. 25% flowers 1-3 extra 

Red 

. . . . 











1 




petals or petaloids 

Pink 












3 

.... 3 .. .. 6 

4 

5 

Appr. 50% flowers 1-3 extra 

Red 

.. 1 


1 







2 






petals or 1-6 petaloids 

Pink 




2 






2 

1 


3 .. 1 .. 2 7 

5 

5-10 

Often 2-3 extra petaloids. 5- 

Red 
















petal flowers rare 

Pink 

1 1 




1 


1 



4 



..2 1.... 3 

6 

10-14 

Rarely flowers with only 5 

Red 

2 1 



1 






4 






petals 

Pink 

3 3 







1 


7 



2 2 

7 

10-14 

Rarely flowers with 5 plus 1-3 

Red 

.. 1 



1 






'2 






petaloids 

Pink 

.. 1 




1 





2 


1 

2 . . 2 . . 1 6 

8 

14-16 

Occasional extra petaloids. No 

Red 


1 



1 





2 





* 

flowers with only 5 petals 

Pink 

.. 3 

3 



1 

2 




9 




9 

15-18 

Occasional extra petaloids. No 

Red 









1 

1 






flowers with only 5 petals 

Pink 





1 





1 




10 

15-20 

Occasional extra petaloids. No 

Red 







1 



1 






flowers with only 5 petals 

Pink 






1 




1 




11 

20-24 

Occasional extra petaloids. No 

Red 

. . . . 















flowers with only 5 petals 

Pink 
















Total — All classes of petal 

Red 

7 13 

4 

3 

11 

4 


5 

1 

4 

52 

1 

8 

9 



number 

Pink 14 43 

8 

3 

25 

7 

9 

11 

6 

1 

127 

6 

30 

44 8 26 6 14 134 


three colors so far discussed are then constituted as 
follows : 

Dark Pink PPRR, PpRR, PpRr 
Light Pink ppRR, ppRr 
Red PPrr, Pprr, pprr 

Thus, only dark pink flowers are obtained by 
crossing Babcock (ppRR) x Early Double Red 
(PPrr), but in the F 2 segregation occurs in the 
ratio of 9 dark pink to 3 light pink to 4 red. The 
Early Double Pink clone used in these experiments 
was then of the constitution PPRr, since one of the 


Fi hybrids, tree 3605 8/2, segregated in the ratio of 
30 pink to 8 red (see table 4<). 

As mentioned above, Peppermint Stick is varie- 
gated with white as the continuous phase. In appear- 
ance it is similar to the variegated Rhododendron 
obtusum described and illustrated in color by Imai 
(1937). Most of the flowers are white with red, dark 
pink and light pink streaks and flecks. Some of the 
larger dark pink areas have light pink streaks. Some 
flowers are light or dark pink with red streaks. Often 
entirely red flowers and sometimes even whole 


Table 5. Color segregation observed in F 2 populations of Babcock x Early Double Pink and Red. 




Dark Pink 

Light Pink 

Red 

Total 

Babcock x Early Double Red selfed 

Population 38023 


11 

3 

7 

21 

38025 


9 

g 

5 

16 

39031 


19 

6 

11 

36 

Babcock x Early Double Pink selfed 

39023 


25 

5 

8 

38 

Total all populations 


64 

16 

31 

111 

Expected 9:3:4 ratio 


63.5 

20.8 

27.7 ' 

111 
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Table 6 . Summary of segregation as to petal number observed in backcross of Babcock x Early Double Pink to Early 

Double Pink. 


Flower type 

Singles 

1-5 extra petals 
grades 2-5 

10-16 petals 
grades 6-8 

Total 

Genotypes 


d! d n Dm-idm-i 

drd-i dim dim 



and 





dnqdmx 




Observed frequency 

23 

14 

11 

48 

Expected frequency 

24 

12 

12 

48 


branchlets with only red flowers occur. Completely 
white flowers are less common and entirely white 
flowered branchlets are very rare. The bark on the 
young branchlets is without anthocyanin pigment 
except for streaks which are usually very narrow. 
This variety was crossed to Rio Oso Gem in hopes 
of developing a variegated variety with good quality 
yellow fruit. The F x hybrids were all large flowered 
single dark pink. The F 2 segregated into 32 pink to 
8 red to 5 variegated to 6 white. All the variegated 
plants were genetically white as shown by their 
bark, which like that of white, had no anthocyanin 
pigment except for occasional narrow streaks. The 
flowers of the variegated plants all had white as the 
continuous phase, but some were pink, red and white, 
while others were merely pink and white variegated. 
This is to be expected since the variegated plants 
would be either genetically red or pink. Variation in 
the degree of variegation also occurred, some plants 
having most of the flowers entirely white or with 
only a narrow stripe on one or two petals. Since 
plants variegated for pink and red only were not 
found, it would seem that the recessive variegation 
factor can only express itself in the presence of a 
genetically white background. Its behavior is thus 
comparable to other variegation factors reported 
(Imai, 1937) and so is probably allelomorphic to 
white and may be represented by the symbol w y . 
The trees classified as white would then according 
to this hypothesis be either reversions to white or 
more probably low grade variegated since some of 
the young trees with only a few white flowers may 
when older show some variegated flowers. Consider- 
ing the variegated and white plants together, we 
have the following distribution: 





White and 


Pink 

Red 

variegated 

Actual distribution 

32 

8 

XX 

Expectation 9:3:4 ratio 

28.69 

9.56 

12.75 


White is then recessive to colored, and may be 
denoted by the symbols ww, and colored by WW. 
Though it is clear that the variegation factor may 
only express itself in the presence of the ww factors, 
the exact mechanism of its expression is not known. 

Petal number. — The flowers of Early Double 
Pink have from 12 to 15 petals, and those of Early 


Double Red from 18 to 24 petals. A variable number 
of petaloids, usually not more than three, may also 
occur. The F x hybrids have single flowers with only 
five petals. In tables 3 and 4 the trees of the back- 
cross and F 2 populations are classified according to 
the degree or grade of doubleness displayed. Those 
in any one of the lower grades distinctly differed 
from those in any other grade in the percentage of 
flowers with extra petals, while in the higher grades 
where no single flowers occurred, classification was 
based on distinct differences in the average number 
of petals and range of variation. Thus, trees in grade 
9 rarely had as many as 18 petals while those in 
grade 10 usually had 18-20 petals but occasionally 
had only 15 petals. 

The segregation occurring in the backcross to 
Double Pink (table 3) indicates that Early Double 
Pink differs from Babcock in at least two recessive 
factors, one of which is only able to affect petal 
number when the other is homozygous. The main or 
basic factor for singleness may be denoted by the 
symbol D x . This factor is almost completely domi- 
nant, only occasional extra petals being formed in 
D x d x plants, and even when heterozygous is able to 
inhibit any expression of doubleness by the other 
or modifying factor which may be denoted by the 
symbol dm x . Thus, Babcock is DiD x Dm x Dm x ,the 
Early Double Pink is d x d x dm x dmi, and the F x is 
D x d x Dm x dm x . The segregation shown in table 3 
is summarized in table 6, Grades 2-5 in the group 
with 1-5 extra petals are probably due to minor 
modifying factors. 

The segregation obtained by backcrossing to Early 
Double Red shows that this variety has a second 
modifying factor, dm 2 , which increases the number 
of petals to as many as 20-24, though occasionally 
flowers with as few as 15 petals may occur on young 
trees. The segregation shown in table 3 is summa- 
rized in table 7. 

As the trees in this backcross received all three 
factors for doubleness from the pollen parent in- 
stead of only two, the degree of doubleness was 
higher, that is, no trees occurred in grades 2-6. The 
genotype did x Dm x dm x Dm 2 dm 2 is then more 
double than djd x Dm x dm x Dm 2 Dm 2 j which indi- 
cates that Dm 2 is not completely dominant. Similar- 
ly, d x d x dm x dm x Dm 2 dm 2 is more double than 
d x d x dm x dm x Drag Dm 2 ". The observed segregation 
fits the trifactorial analysis very closely. 
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Table 7. Summary of segregation as to 'petal number observed in backcross of Babcock x Early Double Red to Early 

Double Red. 


Flower type 


Singles 


10-18 petals 
grades 7-9 

15-24 petals 
grades 10-11 

Total 

Genotype 

Observed frequency . . . 

Did, 

... DA 

DA 

DA 

Dim dm 2 Dm 2 dm 2 
dmjdmx Dm 2 dm 2 
Dnqdm! dm 2 dm 2 
dim dm 2 him dm 2 
27 

dA 

dA 

did! 

Dim dim Dm 2 dm 2 
Dimdim dmodmo 
dm 2 dm 2 Dm 2 dm 2 

18 

dxd 2 dim dim dm 2 dm 2 

8 

53 

Expected frequency . . . 


26.5 


19.9 

6.6 

53 


The F 2 populations also lit the above analysis very 
well. Thus, in the F 2 of Babcock x Early Double 
Pink, one would expect three-fourths of the trees to 
carry the D factor and so to be singles, and one- 
fourth to have the dd factors and exhibit varying 
degrees of doubleness. Among the doubles one-fourth 
should be as double as Early Double Pink, i.e., have 
10-15 petals. As may be seen from table 8, where 
the data presented in table 4 are summarized, this 
was actually the case. 

In the F 2 of Babcock x Early Double Red, three- 
fourths of the population would again be expected 
to carry the D factor and so to be singles, and one- 
fourth should have the d factor and show varying 
degrees of doubleness. Among the doubles one-six- 
teenth should be as double as the pollen parent, that 
is, have 18^-24 petals. As may be seen from table 9, 
where the data presented in table 2 are summarized, 
this was the case. 

The two trees in grade 10 did not have flowers 
with quite as many petals as the maximum number 
found in Early Double Red. Probably this was due 
to the youth of the trees, as certain other trees saved 
for backcrossing tended to show a wider range in 
petal number when older. As in the backcross popu- 
lation, the degree of doubleness was greater than in 
the F 2 of Babcock x Early Double Pink. Thus, only 
3/64 or 8.4 trees would be expected to have the 
constitution didx Dumdum Dm 2 Dm 2 or d^d^ 
DmiDmx Dm 2 Dm 2 and so have flowers in grades 
2-5. Actually, 12 trees were classified into these 
grades, as compared to 22 trees in the smaller F 2 
population of Babcock x Early Double Pink. 

Discussion. — Consideration of the data presented 
indicates that the problems involved in breeding 
edible ornamental flowering peaches are fairly com- 
plex. Thus, at least nine factors are involved when 
breeding for color, petal number and size, alone. A 
good ornamental peach should furthermore be de- 


ciduous and have a chilling requirement short enough 
to flower uniformly and abundantly following the 
mildest winters, yet long enough to prevent leafing 
out until after the flowering peak is past. Thus, a 
chilling requirement as short as that of St. Helena 
would not be desirable, as too much leaf develop- 
ment would detract from the beauty of the flowering 
sprays. Resistance to peach leaf curl is important 
when planting in the coastal areas, since backyard 
trees are rarely sprayed. 

Fortunately large petal size and dark pink flower 
color are both dependent upon dominant factors. 
One may also either use only the showy type of com- 
mercial varieties or eliminate the non-showy seed- 
lings by selecting showy Fi hybrids. As regards 
flower size, color and petal number, it is best to use 
Early Double Red as the pollen parent in crossing 
with commercial varieties, since it is homozygous 
for the dark pink factor, the large flower size factor 
and all three factors for doubleness, did* dm* dm* 
dm 2 dm 2 . Accordingly, more F 2 trees with flowers 
double enough to be desirable as ornamentals will be 
obtained than when varieties with fewer petals, such 
as Early Double Pink, are used. 

The extra petals in most varieties of ornamental 
peaches do not arise from conversion of stamens into 
petals and petaloids, since the flowers of even Early 
Double Red have just as many stamens as a single 
flowered peach, that is, 40-45 stamens. The Clara 
Meyer flowering peach seems to be a genetically 
distinct type, for it has 80-90 petals, only 10-30 
anthers, and a calyx with thickened lobes and 5 extra 
smaller lobes. The Helen Borchers variety may also 
be genetically distinct, for it has from 30-40 petals 
and 5 extra calyx lobes. The genetic basis for double- 
ness in these varieties should be determined. Though 
very beautiful in Northern California, their chilling 
requirement is too long for satisfaction by our mild 
winters and so new varieties, combining their high 


Table 8. Summary of segregation as to petal number observed in E 2 progenies of Babcock x Early Double Rink. 


Flower type 

Singles 

Grades 1 

Semi-doubles 
Grades 2-5 

Doubles similar to 
Early Double Pink 
Grades 6-7 

Total 

Genotype 


D factor absent 

d x d2 drmdim. 


Observed frequency 

110 

25 

8 

143 

Expected frequency 

107.3 

26.8 

8.9 

143 
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Table 9. Summary of segregation as to petal number observed in progenies of Babcock x Early Double Red . 


Doubles similar to 

Singles Semi-doubles Early Double Red 

Flower type Grade 1 Grades 2-9 Grades 10-11 Total 


Genotype D factor present D factor absent d^ dmxdmx dm 2 dm 2 

Observed frequency 137 40 2 179 

Expected frequency 134.3 41.9 2.8 179 


degrees of doubleness with a shorter chilling re- 
quirement, are needed. The same situation obtains 
as regards existing white varieties. 

Peppermint Stick, like Early Double Red, trans- 
mits all the doubleness and large size factors and in 
addition, transmits its variegation factor to about 
half of the genetically white seedlings. It should 
therefore be possible to develop variegated, yellow 
fleshed peaches of good quality by selection and in- 
tercrossing of selected F 2 seedlings from Pepper- 
mint Stick x Rio Oso Gem. 

SUMMARY 

(1) As a result of analysis of Fi and F 2 prog- 
enies obtained by crossing the ornamental flowering 
Early Double Pink, Red, Peppermint Stick and Chi- 
nese Dwarf Evergreen with the commercial varie- 
ties Babcock, Rio Oso Gem, and Socala, eleven fac- 
tors have been established in the peach as follows : 

A recessive factor dw causes a very dwarf habit, 
seedlings homozygous for this factor growing to a 
height of only 1-1 a /2 feet as compared with 5-6 feet 
for the normal type in a two-year period. 

Seedlings homozygous for the duplicate bux bu 2 
factors are semi-dwarf bushy trees growing only to 
a height of 2^4-3 feet in two years. Either factor 
acting alone showed no appreciable effect. 

L is a semi-dominant factor for large flower size 
in the showy (sh) flowered class. 

As regards flower color, there is a recessive r fac- 
tor for red flowers, a recessive p factor for light 


pink and a recessive w factor for white flowers. 
Flowers, in order to be colored at all, must have at 
least one dominant W factor. A variegation factor, 
w v , allelomorphic to white, is able to cause variega- 
tion for red, pink and white only when the plants 
are of the rr constitution, plants which are Rr or 
RR being pink and white variegated. 

Three factors, dx completely recessive, and dmx 
dm 2 incompletely recessive, determine the degree of 
doubleness. Plants with dxdx have only 1-5 extra 
petals; dxdx dmidmx plants have 10-16 petals as 
in Early Double Pink, and dxdx dmxdnix dm 2 dm 2 
plants have 15—24 petals as in Early Double Red 
and Peppermint Stick. 

(2) The ornamental flowering peach varieties 
have both the showy (sh) f actor established by Blake 
and the L factor, in addition to being of various 
grades of doubleness. 

(3) Evergreen habit is recessive but dependent 
on the interaction of several factors which are lim- 
ited in their expression by low relative temperatures. 

(4) Low chilling requirement is due to the cumu- 
lative effect of a series of recessive factors and 
probably several semi-dominant ones. 

(5) The bearing which these factors have on the 
problem of breeding ornamental flowering peaches 
of good quality is discussed. 

Division of Horticulture, 

University of California, 

Los Angeles, California 
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APPARENT LOCALIZATION OF FUSARIUM WILT RESISTANCE IN THE 

PAN AMERICA TOMATO 1 

P. H. Heinze and C. F. Andrus 


The high degree of resistance to the wilt disease 
caused by Fusarium oxysporum f. lycopersici Snyder 
and Hansen, in. the tomato variety Pan America in- 
troduced by Porte and Walker (1941), has been 
proved by many laboratory and field tests. The near 
immunity is equal to that of the most resistant lines 
of Ly coper sicon pimpinellifolium ( Jusl.) Mill., the 
wild host which was used as a parent of Pan 
America. 

Grafting has been used to study the nature of dis- 
ease resistance in several plants (Bond, 1936; 
Leach, 1929; May, 1930; and Schmidt, 1933), but 
in the experiments dealing with wilt resistance in 
tomatoes the varieties used as resistant are now rec- 
ognized as having a much lower degree of resistance 
than Pan America. In the experiments reported here 
Bonny Best, a variety long recognized as very sus- 
ceptible to the tomato wilt fungus, and the resistant 
Pan America variety were used. L. pimpinellifolium 
plants were used in one experiment. 

Materials and methods. — The seeds were 
planted in flats of one-half composted soil and one- 
half sand mixture. After the cotyledons were fully 
expanded the seedlings were transplanted to 2^/ g- 
inch pots. When the plants were about three weeks 
old they were used for grafting. Two types of grafts 
were used — stem approach grafts and stem splice 
grafts. The approach grafts were made by removing 
a thin section about one inch in length, between the 
cotyledons and the first leaf, from adjacent sides of 
the two stems. The cut surfaces were immediately 
placed against each other and securely wrapped with 
a rubberized paraffin tape known as Parafilm (fig. 1). 
The graft components were both left intact until the 
plants were examined for wilt. The splice grafts were 
made by severing the two plants with a smooth slant- 

1 Received for publication August 98, 1944. 

Contribution No. 44, U. S. Regional Vegetable Breed- 
ing Laboratory, Charleston, South Carolina. 


ing cut about one inch in length between the cotyle- 
dons and the first leaf. The scions of the two plants 
to be grafted were exchanged, put into place and 
wrapped with Parafilm (fig. 2). The cuts were made 
with a wet razor and the surfaces kept moist until the 
grafting operation was completed.. The splice grafted 
plants were placed in a moist chamber for three to 
five days, then removed and inoculated. All plants 
were inoculated according to the procedure described 
by Wellman (1939), and planted on a greenhouse 
bench. Two or three weeks after inoculation the 
plants were examined for external and internal 
symptoms of disease. External symptoms were evi- 
denced by wilting, curling or yellowing of the leaves, 
stunting, and frequently, death of the plant. Internal 
symptoms were determined by cutting through the 
vascular tissues and noting the presence of discolora- 
tion in the bundles. Unless the discoloration was 
easily detected and extended above the soil level, 
the plants were considered as showing slight symp- 
toms, or as being free, and were so classified. 

The plants in these experiments were necessarily 
somewhat older, due to the procedure of grafting, 
than those ordinarily used in wilt resistance tests. 
The greater age may have been responsible for a 
slightly slower rate of wilting and the occurrence 
of an occasional escape, but the development of the 
disease was entirely satisfactory for the purpose of 
this study. 

Results. — Approach grafts. — Three experiments 
were carried out involving approach grafts of Bonny 
Best and Pan America plants. The plants of the 
first experiment, grafted in October, 1942, and those 
of the second experiment grafted in December, were 
examined two weeks after inoculation ; the plants in 
the third experiment were grafted in December and 
examined three weeks after inoculation. The results 
are given in table 1. In experiments 1 and 2 some 


Table 1. Bfects of ap>proaclt grafting on infection of tomato plants by Fusarium. 


Experiment 

number 4 

Varietal 

component 

Total 
number 
of plants 

Symptoms of infection 

Internal Slightor 

External only none 

Examined 
days after 
inoculation 

1 

Bonny Best- 

50 

35 

, 5 

10 

14 


Pan America 

50 

4 

19 

27 

14 


Bonny Best, ungrafted 

25 

23 

2 

o 

14 


Pan America, ungrafted 

24 

1 

1 

22 

14 

2 

Bonny Best- 

48 

34 

12 

2 

14 


Pan America 

48 

6 

5 

37 

14 

3 

Bonny Best- 

44 

41 

3 

0 

21 


Pan America 

44 

4 

20 

20 

21 


Bonny Best, ungrafted 

24 

22 

2 

0 

21 


Pan America, ungrafted 

26 

0 

1 

25 

21 

a Plants in 

experiment 1 were grafted on 

10/30/42, all others 

were grafted 

on 12/28/42. 





62 



HEINZE AND ANDRUS FUSARIUM WILT RESISTANCE 


Fig. 1. Newly completed approach graft.— Fig. 2. Newly completed splice graft -Fig. 3. Splice grafted 
•eeks after inoculations. Left, Pan America scion on Bonny Best stock; center. Bonny Best scion on Pan 
k; right, Bonny Best scion on Bonny Best stock.— Fig. 4- Sectional view of a Pan America scion on a 
stock two weeks after inoculation showing the extent of the discoloration of the vascular tissue. 

y Best components escaped infection but the 4k plants, 22 had symptoms above the graft 

nt 3, where the plants were allowed to union but not below, whereas only three showed 

weeks before examination, infection was symptoms below the union and not above. Nineteen 

Bonny Best plants. All of the ungrafted plants had symptoms both above and below the graft 

t control plants showed infection in the union. In nearly all cases where symptoms were 

raftinfl- exDeriments. found below the graft union the vascular discolora- 

ree experiments a total of 44 Pan Amer- tion appeared to extend downward from the region 

pnfc ol WnvreA nnlv internal symptoms. Of of the union. 
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Table 2. Effects of splice grafts on infection of tomato plants by Fusarium. 



Total 

Symptoms of infection 


number 


Internal 

Slight or 

Varietal components 

of plants 

External 

only 

none 

Bonny Best scion 

Pan America stock 

131 

4 . 

4 

113 

Pan America scion 

Bonny Best stock 

120 

118 

2 

0 

Bonny Best scion 

Bonny Best stock 

99 

95 

3 

1 

Pan America scion 

Pan America stock 

97 

1 

3 

93 

Bonny Best, ungrafted 

85 

77 

4 

4 

Pan America, ungrafted 

85 

5 

3 

77 


Splice grafts. — On November 18 and on each of 
the two succeeding days 25 grafts of each of the 
following combinations were made: Bonny Best 
scion on Pan America stock, Pan America scion on 
Bonny Best stock. Bonny Best scion on Bonny Best 
stock, and Pan America scion on Pan America stock. 
The plants were examined fourteen days after in- 
oculation and the resistance to infection noted. In 
January another set of grafts involving the same 
kinds of plants and the same types of grafts were 
made. These were also examined fourteen days after 
inoculation. The combined results of these experi- 
ments are presented in table 2 . Among the 121 Bon- 
ny Best scions on Pan America stocks slight external 
symptoms were discernible on only four. Four other 
plants had some internal darkening of the vascular 
tissue and in each case this occurred below the graft 
union. The Pan America scions on Bonny Best stocks 
showed severe wilt symptoms in 1 18 out of a total of 
120 plants. The other two plants showed internal 
symptoms both above and below the graft union. All 
but one of the Bonny Best scions on Bonny Best 
stocks showed symptoms of wilt. Four of the 97 Pan 
America scions on Pan America stocks showed some 
wilt symptoms. A few susceptible Pan America 
plants appeared in nearly all of these experiments 
but they usually represented less than five per cent 
of the total number. The Pan America scions on 
Bonny Best stocks showed more severe symptoms 
of wilting, stunting and yellowing of the leaves than 
the Bonny Best scions on Bonny Best stocks (fig. 3). 
The darkening of the vascular tissue extended well 
up into the Pan America scion (fig. 4?) . A number of 
isolation tests showed that the organism was present 
in these scions. When the grafts involving Bonny 
Best scions on Bonny Best stocks and Pan America 
scions on Bonny Best stocks were made and the 
plants allowed to grow without inoculation, all grew 
readily and no discernible differences could be de- 
tected in the vigor of the two lots. 

A few Bonny Best scions were grafted on to L. 
pimpinellifolium stocks and the reciprocal grafts 
made. These plants did not grow as well as the 


grafted Bonny Best-Pan America plants. The buds 
in the axils of the cotyledons grew from a majority 
of both the Bonny Best and L . pimpinellifolium 
stocks and formed branches nearly as large as the 
grafted scion. The results of the inoculations were 
essentially the same as the Bonny Best-Pan America 
grafts. Ten of the 11 Bonny Best scions on L. pim- 
pinellifolium stocks were free of wilt and all of the 
12 L. pimpinellifolium scions on Bonny Best stocks 
had pronounced wilt symptoms. 

In October, 1943, a number of splice grafts of 
Pan America scions on Bonny Best stocks, Bonny 
Best scions on Bonny Best stocks, and Bonny Best 
scions on Pan America stocks were made. After the 
grafted plants were removed from the moist cham- 
bers they were placed on a sand bench in a slanting 
position and a portion of the stem above the graft 
union was injured slightly and covered with sand 
to produce adventitious roots. When the roots were 
several inches long (after 14 to 18 days) the plants 
were inoculated through the adventitious roots. The 
whole plant was then transferred to another bench 
containing soil. The pot containing the original un- 
inoculated root system of the stock was partially 
covered with soil and the adventitious roots were 
also covered. Of the 29 Pan America scions on Bonny 
Best stocks only one showed slight internal symp- 
toms. The other 28 were free of disease. Twenty- 
three of the 32 Bonny Best scions on Bonny Best 
stocks showed definite external symptoms, seven 
showed internal symptoms, and two were apparently 
free of disease. Of the 45 Bonny Best scions on Pan 
America stocks, 25 showed external symptoms, 12 
had internal symptoms, and 8 were apparently free 
of disease. In general, the last group, Bonny Best 
scions on Pan America stocks, seemed to be some- 
what more vigorous than the Bonny Best scions on 
Bonny Best stocks. 

Cuttings were also made from the tops of some 
Bonny Best and Pan America plants and allowed to 
root on a sand bench, then inoculated through the 
new roots. The Bonny Best plants showed the same 
susceptible reaction and the Pan America plants the 
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same resistant properties as when the original root 
systems were used. 

Culture experiments. — A few experiments were 
conducted to determine if an extract or sterilized 
tissue from the Pan America plant would inhibit the 
growth of the tomato wilt fungus. Tissues from the 
above-ground portion of each of the varieties, Pan 
America and Bonny Best, were ground in a Nixtamal 
mill and the juices pressed out by use of a hydraulic 
press. The juice was centrifuged and filtered 
through a No. 4 sintered glass filter. Five milliliters 
of the juice extract were run into a petri dish with 
10 ml. of two per cent potato dextrose agar. As soon 
as the agar had cooled the medium was inoculated 
with the tomato wilt fungus. Extracts were made 
from the roots of each variety in a similar manner, 
but the Fusarium grew equally well on all extracts. 

Ten plants, twelve to eighteen inches tall, from 
each variety, were cut into three-inch sections. Each 
plant yielded four or five such sections, the first 
representing most of the underground portion of 
the plant with the branch roots removed and each 
succeeding section a higher position on the stem. 
All sections were placed in individual test tubes, 
sterilized in an autoclave, cooled and inoculated. 
The tomato wilt fungus grew well on all sections, 
with no perceptible difference between varieties or 
positions of the section on the plant. No difference 
between varieties could be detected in the growth of 
the Fusarium when the whole root systems were 
placed in liquid media, sterilized in an autoclave 
and inoculated. The liquid medium was prepared as 
described by Wellman (1939). 

Sterilization of tissues without the use of heat, 
i.e., by using mercuric chloride, did not prove satis- 
factory for culture experiments. 

Discussion. — When the susceptible Bonny Best 
plants were approach-grafted to resistant Pan 
America plants the wilt organism crossed the graft 
union from the Bonny Best to the Pan America in 
about 40 per cent of the plants and tended to move 
upward in the Pan America stems much more freely 
than downward. In the first experiments there was 
an indication that the Bonny Best plants were re- 
ceiving some degree of resistance from their Pan 
America components but when the plants were al- 
lowed to grow three weeks after inoculation before 
being examined, all Bonny Best plants had symp- 
toms of wilt. 

When Bonny Best scions were grafted on to Pan 
America stocks there was no detectable change in 
the resistant property of the Pan American stocks. 
Likewise it was found that the Pan American scions 
were not able to impart any degree of resistance to 
the Bonny Best stocks and in fact seemed more sus- 
ceptible to the disease than the Bonny Best scions. 
May (1930) found that a Norton scion grafted on to 
a Bonny Best stock developed discolored bundles but 
that they were not as pronounced in the scion as in 
the Bonny Best bundles immediately below. The fact 
that the Bonny Best scions on the Pan America 


stocks were still susceptible to the disease when 
inoculated through the adventitious roots shows that 
little if any of the resistance of the stock was trans- 
mitted to the Bonny Best scion. Bond (1936) grafted 
several varieties of tomatoes, some resistant and 
some susceptible to Cladosporium fulvum Cke. and 
found that the stock and scion retained their charac- 
teristic reaction to infection without regard to the 
reaction of the scion or stock grafted to it. 

The Pan America scion, although very susceptible 
to the tomato wilt fungus when inoculated through 
its Bonny Best stock, showed its resistance again 
when inoculated through its own adventitious roots. 
The same degree of resistance was shown by cuttings 
made from the tops of Pan America plants that had 
been allowed to root themselves in a sand bench. 

Some Solanaceous plants are able to synthesize 
certain substances in their root systems (Dawson, 
1942). Whether the roots of certain varieties or 
species of tomatoes are able to synthesize materials 
which prevent the growth or counteract the action 
of the wilt organism, or whether the resistance is 
related to some inherited morphological characteris- 
tic, remains to be proved. Schmidt (1933) found that 
the alkaloid solanin had an inhibitory action on cer- 
tain growth phases of Cladosporium fulvum but at- 
tributed the resistance of Solanum racemigerum ( L . 
pirn pin elli folium) to a substance of unknown com- 
position termed “prohibitin'’ that was present in 
addition to solanin. Some essential nutrient for the 
growth of the organism may be present in the Bonny 
Best and absent from the Pan America roots. Brown 
(1936), in his review, pointed out examples where 
a low soluble nitrogen content was found to be cor- 
related with resistance to a number of parasites in 
different plants. 

The culture experiments reported in this paper 
fail to show that any substance inhibitory or toxic 
to the tomato wilt fungus was extracted from the 
resistant Pan America plants. However, the active 
material may have been lost or destroyed during the 
filtration or autoclaving procedures. 

summary 

Approach grafts and splice grafts of the wilt re- 
sistant Pan America and the susceptible Bonny Best 
varieties of tomato plants were made to determine 
the nature of the resistance in the Pan America 
tomato plant. 

About 40 per cent of the Pan America compo- 
nents of the 142 approach grafts showed some 
symptoms of disease two or three weeks after being 
inoculated with Fusarium oxysporum f. lycopersicL 
In the majority of cases it was evident that the in- 
fection had crossed the graft union. 

Bonny Best scions on Pan American stocks re- 
mained free of disease in more than 90 per cent of 
the cases. Pan America scions on Bonny Best stocks 
became severely infected in nearly all cases as did 
the Bonny Best scions on Bonny Best stocks. Bonny 
Best scions have little or no effect on the resistant 
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properties of the Pan America stock and the Pan 
America stock does not impart any of its resistant 
characteristics to the Bonny Best scion. Stocks and 
scions of L. pimpinellifolium plants gave practi- 
cally the same response as Pan America. 

Cultures made of sterile whole tissues and sterile 
unheated extracts from the tissues of the resistant 
and susceptible plants failed to indicate the pres- 
ence of any substance in the resistant plants that 
was toxic to the tomato wilt fungus. 


The outstanding fact observed is the complete 
susceptibility of the Pan America scions when sup- 
ported on a susceptible Bonny Best root system. Re- 
sistance to the wilt fungus in tomatoes appears to 
be localized entirely in the root system of the re- 
sistant varieties and is not transportable. 

U. S. Southeastern Regional Vegetable Breeding 
Laboratory, 

Charleston, South Carolina 


LITERATURE CITED 


Bond, T. B. T. 1936. Phytophthora infestans (Mont.) 
de Bary and Cladosporium fulvum Cooke on varieties 
of tomato and potato and on grafted Solanaceous 
plants. Ann. Appl. Biol. $3: 11-99. 

Brown, W. 1936. The physiology of host parasite rela- 
tions. Bot. Rev. 2:236-1381. 

Dawson, R. F. 1942. Nicotine synthesis in excised tobac- 
co roots. Amer. Jour. Bot. 29:813-815. 

Leach, J. G. 1929. The effect of grafting on resistance 
and susceptibility of beans to Colletotrichum Unde - 
muthianum. Phytopath. 19:875-877. 

May, Curtis. 1930. The effect of grafting on resistance 


and susceptibility of tomatoes to Fusarium wilt. 
Phytopath. 20:519-521. 

Porte, W. S., and H. B. Walker. 1941. The Pan America 
tomato, a new red variety highly resistant to Fusa- 
rium wilt. U. S. Dept. Agric. Circ. 611. 

Schmidt, M. 1933. Zur Entwicklungsphysiologie von 
Cladosporium fulvum und liber die Widerstandsfahig- 
keit von Solanum racemigerum gegen diesen Parasi- 
ten. Planta 20: 407-439. 

Wellman, F. L. 1939. A technique for studying host 
resistance and pathogenicity in tomato Fusarium wilt. 
Phytopath. 29:945-9 56. 


CLEISTOGAMY AND CHASMOGAMY IN BROMUS CARINATUS HOOK. & ARN. 1 

Jack R. Harlan 2 


Cleistogamy has been reported in numerous grass 
species, many of which are highly specialized with 
respect to this type of reproduction. Hackel (1906) 
divided the grasses into four groups on the basis of 
their cleistogamous habits, a scheme followed by 
Uphof (1938). These groups are: (a) the faculta- 
tively cleistogamous species, (b) the dimorphic spe- 
cies, (c) the species which are cleistogamous only, 
and (d) the amphigamous species with the two types 
of flowers on specialized portions of inflorescences. 
In the facultatively cleistogamous species the chas- 
mogamous flowers differ little from the cleistoga- 
mous flowers in morphology and appearance. In the 
dimorphic species the two types of flowers are usu- 
ally quite different and are borne on separate plants. 
The specialized cleistogamous grass flowers often 
lack glumes and may be subterranean as in Amphi- 
carpon, described by Weatherwax (1934), or hidden 
in leaf axils. They are sometimes so different mor- 
phologically that the plants would be placed in a 
different tribe were the chasmogamous flowers not 
available (Chase, 1918). 

Bromus carinatus Hook, and Arn. and its rela- 
tives are facultatively cleistogamous and do not ex- 

1 Received for publication April 8, 1944. 

Contribution frorii the Department of Genetics, Univer- 
sity of California, and completed while the author was 
employed by the Division of Forage Crops and Diseases, 
Bureau of Plant Industry, Soils, and Agricultural Engi- 
neering, Agricultural Research Administration, U. S. 
Department of Agriculture. 

2 Formerly Research Assistant, University of Califor- 
nia, now (1944) Assistant Agronomist, Division of For- 
age Crops and Diseases. 


hibit extreme specialization in flowers or inflores- 
cences. The first description of cleistogamy in the 
species was made by Sir William Jackson Hooker 
(1840) when he described and named the species 
Ceratochloa grandiflora , later reduced to a synonym 
of B. carinatus. He wrote: 

“From an examination of more than one spikelet 
it would appear that the lower florets bear abortive 
stamens with small short anthers ; the upper ones 
abortive pistils, with very large linear anthers.” 

While his observations were undoubtedly correct, 
the interpretation was somewhat at fault since 
neither pistils nor anthers are aborted, but the 
marked difference in size of anther in the same spike- 
let is of frequent occurrence in facultatively cleistog- 
amous flowers. 

The nature of the cleistogamy in B. carinatus has 
not been carefully investigated in the 100 years since 
Hooker named the species. In the course of a related 
study of variation in this species conducted at the 
University of California, the author examined and 
compared the development of the two types of flow- 
ers. The results are reported in this paper. 

Materials and methods. — Ten strains of Bro- 
mus carinatus , arbitrarily numbered 1 to 10, were 
grown in three environments and observations made 
on the types of inflorescences produced. These envi- 
ronments were : ( 1 ) inside the greenhouse with am- 
ple water, but inadequate light; (2) outside the 
greenhouse on an elevated bench with occasional 
watering; and (3) outside the greenhouse in a cold 
frame with frequent watering. Plants inside the 
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Number 

Original locality 

Herbarium 

number 

Most distinctive characters 

1 

Mariposa, Calif. Alt. 2400 feet 

Stebbins 

2809 

Tall, erect; exceptionally long awns and 
lemmas 

2 

Berkeley, vacant lots 

Stebbins 

2745 

Medium height; leaves erect; sheaths white, 
hairy 

3 

Berkeley, U. C. campus 


Tall; panicle fine, nodding; spikelets small, 
red, manv flowered 

4 

Arlington Ave., Contra Costa Co., 1 mile 
north of Berkeley 

Joranson 

4 

Medium height; panicle spreading; leaves 
glabrous 

5 

Berkeley, Shasta Road 

Stebbins 

2677 

Tall, robust; panicles large; seeds large 

6 

Mira Vista Country Club, Contra Costa 
Co. 

Joranson 

9 

Medium height; hairy; frequently sub- 
prostrate 

7 

Berkeley, lawn on Cragmont Ave. 

Stebbins 

2684 

Tall; panicle fine; spikelets small, red 

8 

Oakland, Redwood Road, north of Mills 
College 

Stebbins 

2668 

Medium height; panicle spreading; spike- 
lets small 

9 

One-half mile north of Berkeley Country 
Club, Contra Costa Co. 

Joranson 

12 

Similar to No. 6, hut branching more pro- 
fusely 

10 

Meadow View Ranger Station, Plumas Co. 
Alt. 7000 feet. 

.... 

Short; leaves stiff; awns short 


greenhouse were grown somewhat crowded in large 
fiats, while those outside the greenhouse were in 
separate 6-inch pots. Plants were grown from seeds 
planted the first of August, some races flowering in 
the fall and winter, others not flowering until spring. 
Strain number 1 was originally from a foothill sta- 
tion in the Sierra Nevada Mountains. Strain number 
10 was from a high altitude station in the same moun- 
tains, while strains 2 to 9 inclusive were originally 
from Berkeley, California, and environs (table 1). 

Race number 6 proved to be particularly suitable 
for detailed study because of its ability to flower 
under a variety of conditions. Plants of this race 
blooming in the fall proved to be cleistogamous, 
while the same individuals blooming in the spring 
produced chasmogamous florets. A series of inflo- 
rescences from primordial stages to maturity was 
collected in the fall and preserved until the same 
plants flowered in the spring. Both cleistogamous 
and chasmogamous panicles were then carefully dis- 
sected and comparable stages compared. Measure- 
ments were made of the floral organs, and a series of 
composite diagrams was prepared, each based upon 
at least five dissections. Microtome sections were 
needed in a few cases where the spikelets were par- 
ticularly small. Variation in the species is consider- 
able, and some strains have florets which when ma- 


ture are but one-third the size of those of strain 
number 6, while others have florets nearly twice as 
large as number 6. The measurements, then, are for 
the purpose of comparison between cleistogamous 
and chasmogamous florets of the same strain. 

Numerous observations were also made in the 
field and more casual examinations made on over 
100 races collected from southern Arizona to south- 
ern British Columbia. 

Results. — General observations . — Optimum con- 
ditions for flowering usually favored chasmogamy, 
while adverse conditions tended to force the plant 
into cleistogamy. Of the ten races growing in the 
greenhouse, Nos. 5, 6, and 9 flowered openly at least 
to some extent. Plants of these strains also had cleis- 
togamous panicles. The other strains were entirely 
cleistogamous in the greenhouse. On the elevated 
bench, under relatively dry conditions. Nos. 2, 5, 6, 
7, 8, and 9, and some plants of No. 3 flowered open- 
ly; the others were cleistogamous. In the cold frame 
with greater moisture, all strains produced some 
open flowers except number 1 (table 2). This strain, 
however, when planted in a variety nursery pro- 
duced open flowers. Of 32 races introduced from 
Arizona, 23 flowered cleistogamously in the fall 
when planted in the summer. Most of these same 


Table 2. Type of flowering habit shown by 10 races of Bromus carinatus in three different environments. 


Partly or completely Exclusively 

chasmogamous cleistogamous 

Environment Race number Race number 


1. Inside greenhouse with ample water but inadequate light .. . . 

2. Elevated bench outside greenhouse with occasional watering 

3. Cold frame outside greenhouse with frequent watering .... 


5, 6,9 

2, 3, 5, 6, 7, 8, 9 
2, 3, 4, 5, 6, 7, 8, 9, 10 


1, 2 , 3, 4, 7, 8, 10 
1 , 4, 10 
I 
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Fig. 1-4. Fig. 1-3. Composite diagrams comparing chasmogamous (a) and cleistogamous (b) panicles at three 
stages of development. Measurements refer to anther length. Diagrams 1-3 drawn to same scale.— Fig. 1. Compari- 
son of panicles at onset of meiosis in oldest florets.— Fig. 2. Comparison of panicles in which about half of the florets 
have undergone meiosis. Fig. 3. Comparison of panicles in which oldest florets (black) have undergone anthesis. 
—Fig. 4. Comparison of chasmogamous (a) and cleistogamous (b) spikelets in which the basal florets are under- 
going meiosis. 
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races produced at least some open flowers the fol- 
lowing spring. 

Similar observations were made in the field. 
Plants in poor situations such as along paths, in 
roadways, pastures, etc., are always or nearly always 
in cleistogamy. Some strains flower on through the 
summer and into the winter, if there is sufficient 
moisture. The off-season panicles are always cleis- 
togamous. In fact, except for a comparatively brief 
period at the height of the flowering season, nearly 
all the panicles formed are cleistogamous. Evidently 
the conditions which are most favorable for open 
flowering in one strain may not be the most favor- 
able for another (table 2). In the field, plants are 
sometimes observed which appear unable to flower 
openly even though other plants of another race are 
doing so nearby. Crowding, shading, poor nutrition, 
unfavorable day length, unseasonal flowering, or 
other similar adverse conditions apparently force 
the flowers to become cleistogamous in varying de- 
grees depending upon the strain. 

Development of cleistogamous and chasmogamous 
panicles . — Cleistogamous and chasmogamous pani- 
cles of race No. 6 are compared at comparable stages 
in their development in the composite diagrams, fig- 
ures 1 to 3. The measurements refer to measure- 
ments of anther length taken on panicles as they 
flowered in the nursery. Figures 1-3 were drawn to 
the same scale. 

The first composite diagram (fig. 1) shows two 
panicles, the chasmogamous one not yet having 
reached the stage of meiosis. The largest spikelet 
(terminal one) on the cleistogamous panicle has two 
florets which have undergone meiosis in the anthers. 
Note the steepness of the developmental gradient 
of the cleistogamous panicle as evidenced by the fact 
that the lower portion of the cleistogamous panicle 
is not completely differentiated. At least two sets of 
panicle branches are in the primordial stage at the 
base of the panicle, yet meiosis has already taken 
place at the upper end. In the chasmogamous panicle 
none of the florets has undergone meiosis, but the 
panicle has been completely differentiated for some 
time. 

Figure 2 depicts a later stage where nearly half 
of the florets of each panicle have completed meiosis. 
It is to be noted that the lower florets of a spikelet 
are the first to develop, while the upper spikelets of 
the panicle are the oldest. In both of these panicles, 
a number of the upper spikelets have lower florets 
which have passed meiosis, but the same spikelets 
have upper florets which have not yet reached that 
stage. The developmental gradient again is sharper 
in the cleistogamous spikelets than in the chasmoga- 
mous ones. The duration of meiosis appears to be 
much shorter in the cleistogamous florets, judging 
by the number of meiotic divisions actually found and 
by the number of stages present when found. Meio- 
sis in the cleistogamous flowers was found to be 
normal. 

Figure 3 shows two panicles at anthesis. The low- 


er florets of the upper spikelets of the chasmoga- 
mous panicle are open, as indicated by the florets 
shown in black, and the anthers and stigmas are 
exserted. The panicle of the cleistogamous plant 
appears much younger, but fertilization has actually 
taken place in a few florets and the cariopses have 
begun to develop. The anthers are about 0,5 mm. in 
length at anthesis as compared to more than 6 mm. 
for the open-flowered panicle. At meiosis, the com- 
parative sizes of the anthers were 0.4 mm. and 3.0 
mm. respectively. 

Figure 4 shows two spikelets at a stage where the 
lower florets are undergoing meiosis. The cleistoga- 
mous spikelet is drawn from sectioned material since 
it was too small to dissect well. The chasmogamous 
spikelet is approximately three times the size of the 
cleistogamous one, and is not shown in full. Lemmas, 
paleas, and some of the anthers were removed for 
clarity. In the cleistogamous spikelets, microsporo- 
genesis and macrosporogenesis take place at very 
nearly the same time. The macrospores may be 
formed first, but if so the difference in time is very 
slight. 

Cleistogamous ovaries are sometimes fertilized be- 
fore the panicle is exserted from the upper sheath. 
At the stage depicted in figure 2, the cleistogamous 
panicle was completely enclosed in the upper sheath, 
while the chasmogamous panicle was partially ex- 
serted. In the stage shown in figure 3, the open- 
flowered panicle had been exserted for a period of 
about two weeks, while the cleistogamous panicle 
was just beginning to become exserted. 

The ovaries differ somewhat in size, but the dis- 
crepancy is not nearly so great as that between the 
two types of anthers (table 3). The lodicules of the 
chasmogamous florets are much better developed 
than those of the cleistogamous florets. In the former 
case, they are almost as long as the ovary and be- 
come very stiff and hard, while in the latter case 
they are very thin, soft, and difficult to find. 

When the seeds are mature, it is possible to deter- 
mine whether or not they came from long-anthered 
or short-anthered florets. The short stamens become 
relatively firmly fixed to the developing ovary, the 
filament adheres to the ovary and the anthers them- 
selves stick to the stigma hairs. The long anthers are 
usually lost after anthesis, but are frequently pres- 
ent in sterile florets at maturity. This explains the 
“abortive” anthers observed by Hooker (1840). It 
also permits a classification of seed collected in the 
field. 

Actual studies of the fertilization of the cleistoga- 
mous florets were not made. That true fertilization 
takes place seems evident from the following ob- 
servations: (1) Pollen is shed from the anthers and 
germinates on the stigma, and (2) segregation was 
clearly detected in Fg populations derived from 
cleistogamously produced seeds of the Fj in a num- 
ber of interracial hybrids. 

Cleistogamous and chasmogamous florets on the 
same panicle . — In the course of the flowering sea- 
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Table 3, Comparative sizes of floral organs in cleistog- 
amous and chasmogamous florets at meiosis and 
anthesis. 


Organ Chasmogamous Cleistogamous 


Meiosis 

Ovary 0.9 mm. 0.4 mm. 

Stigma 0.6 mm. 0.3 mm. 

Anther 3.0 mm. 0.4 mm. 

Anthesis 

Ovary 2.3 mm. 1.8mm. 

Stigma 1.6mm. 0.5mm. 

Anther 6.5 mm. 0.5 mm. 


son, several races produced first cleistogamous pani- 
cles then open-flowered ones, and finally cleistoga- 
mous ones again. In passing from the cleistogamous 
flowering habit to the chasmogamous habit or from 
chasmogamy back to cleistogamy the plant may pro- 
duce a panicle containing both types of florets. Sev- 
eral panicles of this type were mapped, each spike- 
let being examined and charted according to the type 
of floret. The panicle was marked off by nodes which 
were designated by letter, and the spikelets sys- 
tematically numbered according to the size of the 
branch and position on the branch (fig. 5). The 
transition from short to long anthers proceeds with 
perfect regularity. The oldest florets in each case 
are short-anthered ones; the younger florets are 
long-anthered. The basal florets of a spikelet are 
older than the upper florets of spikelets immediately 
above it on the panicle. 

In a few cases, two sizes of anthers occurred in 
a single floret. In such cases the short anthers de- 
hisced long before the long anthers. In some cases, 
the small anther sheds its pollen about the time the 
long one is undergoing meiosis. Florets with two 
short and one long anther were observed as well as 
those with one short and two long anthers. Appar- 
ently the median or dorsal anther differentiates a 
little before the other two. If the inflorescence is 
passing from chasmogamy to cleistogamy, the me- 
dian anther is the long one, and the lateral anthers 
are short. If the inflorescence is passing from cleis- 
togamy to chasmogamy, as diagrammed here, the 
median anther is short and the lateral ones long. 

Figure 6 shows schematically the transition from 
long- to short-anthered florets based upon the actual 
observations made. The florets along the demarca- 
tion line are approximately the same age, being dif- 
ferentiated at about the same time. It is most prob- 
able that the chasmogamy or cleistogamy of a floret 
is determined at the time of differentiation in the 
primordia. The transition would appear to be physi- 
ologically abrupt despite the general nature of the 
factors which induce cleistogamy. Such an abrupt 
change might be explained on a threshold basis. If 
conditions become sufficiently favorable, a threshold 
is passed permitting the plant to produce open 
flowers. If the conditions of this threshold are not 
maintained, the plant must pass into cleistogamy. 


Discussion. — The above observations on the na- 
ture of the cleistogamous flower in Bromus carina- 
tus do not deviate fundamentally from reported ob- 
servations on certain other species. The subject of 
cleistogamous flowers is reviewed by Uphof (1938). 
The group in which cleistogamy has been most 
studied is the Violaceae. A number of species of this 
family show facultative cleistogamy and numerous 
parallels can be drawn between the nature and func- 
tion of these flowers and those of B. carinatus . 
Theron (1939) in describing the cleistogamous flow- 
ers of Viola odorata remarks that the cleistogamous 
flowers appear to be morphologically arrested, but 
are in reality very precocious in their maturation. 
Uphof (1938) generalized on facultative cleistoga- 
my as follows : 

“In all cases it has been evident that the condition 
of cleistogamy represents a flower-bud which is ar- 
rested by some cause and at some point in its normal 
chasmogamic development/' 

Perhaps it might be as appropriate to say that the 
cleistogamous flowers result from a flower bud whose 
maturation is speeded up at some point in its normal 
chasmogamous development. 

Intermediate flower types have often been ob- 
served, not only in the Violaceae, but in a number of 
unrelated species. The early work of Vochting 
(1893) showed that different amounts of light affect 
the chasmogamy or cleistogamy of the flower and 
produce intermediates in a number of species. In- 
termediate types of flowers are reported for Triodia 
(Poulter, 1932; Beddows, 1931); Linaria and An - 
tirrhinum, Brandegee (1900) ; Viola (Goebel, 1905; 
Bergdolt, 1932; Brunn, 1931, and others) ; and for 
Commelinantia (Parks, 1935). Variation in the in- 
tensity of the expression of the cleistogamous habit 
is also reported in Viola purpurea by Uphof (1934) . 
The cleistogamous flowers of poorly nourished 
plants terminated their growth at a much lower 
stage of development than did those of otherwise 
normally developed plants. Moreover they appeared 
much earlier. Cleistogamous flowers of this species 
could easily be converted to chasmogamous ones 
when sufficient food was available. Correns (1926, 
1930) found a genetical basis for different percent- 
ages of cleistogamous and chasmogamous flowers in 
different races of Lamium amplexicaule L. A ratio 
of 1:2:1 was demonstrable. 

While the cleistogamous flowers of Viola resemble 
those of Bromus in their precocity, their response to 
environment and their exhibition of intermediate 
forms, they differ in certain other respects. In the 
first place, the pollen of cleistogamous flowers of 
Viola is not shed, but germinates in the anther sacs 
and the pollen tubes reach the style without being 
discharged. This habit is reported also in Lespedeza 
by Hanson (1943). A more fundamental difference 
which affects the breeding structure is the fact that 
the chasmogamous flowers of these species of Viola 
do not function (Madge, 1929). The genetic effect 
of this form of reproduction is but one step removed 
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Fig. 5-6.— Fig. 5. Sample map of panicle in which both chasmogamous (light) and cleistogamous (black) florets 
were found.— Fig. 6. Schematic diagram showing orientation of chasmogamous (light) and cleistogamous florets 
(black). 


from apomixis. Since true fertilization takes place 
in Viola, the plants are very nearly or completely 
homozygous where cleistogamy is the usual mode of 
reproduction. In this respect they differ from apo- 
mictic plants, but because the chasmogamous flowers 
do not function a complete interplant isolation ex- 
ists. The races which result from this isolation are 
closed systems from the evolutionary point of view 
and cannot be modified except by mutation. In Bro- 
mus carinatus, however, cross pollination may occur 
in the chasmogamous flowers and interplant isola- 
tion is only partial. 

SUMMARY 

Observations were made on the appearance of 
cleistogamous florets in plants of Bromus carinatus 
grown under different environmental conditions. 
Comparisons were made at several stages of develop- 
ment between cleistogamous and chasmogamous 
panicles. 

Bromus carinatus is facultatively cleistogamous, 
producing both chasmogamous and cleistogamous 
florets on the same plant. 

Optimum conditions for flowering induce chas- 
mogamy; adverse conditions induce cleistogamy. 

The developmental gradient in cleistogamous 
spikelets and inflorescences is much steeper than the 


gradient in the chasmogamous spikelets and inflo- 
rescences. 

Both types of florets may appear on the same 
panicle, due to an abrupt change in the develop- 
mental gradients at an early stage in the develop- 
ment of a panicle. 

This steepness of developmental gradient in cleis- 
togamous spikelets is associated with marked pre- 
cocity in maturation of both ovary and pollen. 

Morphologically, cleistogamous flowers differ 
from chasmogamous ones in having smaller floral 
organs, particularly anthers, stigmas, and lodicules. 

Southern' Great Plains Field Station, 

Woodward, Oklahoma 
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PERICLINAL CHIMERAS IN DATURA IN RELATION TO THE DEVELOPMENT 

AND STRUCTURE OF THE OVULE 1 


Sophie Satina 


The use of periclinal chimeras in ontogenetic 
studies of floral organs has been shown in a series 
of recent publications on Datura (Satina and 
Blakeslee, 1941, 1943; Satina, 1944). Various types 
of periclinal chimeras were obtained from seeds 
treated with colchicine (Satina, Blakeslee and 
Avery, 1940). This drug may increase the number 
of chromosomes in affected cells giving rise to 4 n 
and Sn tissues. In periclinal chimeras which result 
from colchicine treatment only a single one of the 
three layers in the primary shoot apex may be poly- 
ploid, and hence distinguishable from the others. It 
has been possible to trace the contribution of the 
outermost layer (LI), the second layer (L II) and 
the innermost layer (L III) to the development of 
the various floral organs, by labelling such layers 
by means of differences in chromosome numbers. 

Various types of periclinal chimeras have been 
used again in the present paper, the subject of 
which is the initiation and earliest development of 
the ovule and the growth and structure of the ovular 
coat. 

The importance of understanding the structure 
and function of the ovule in every detail is evident. 
Full and correct information about the body whose 
primary function is to bear the female gamete and 
to become the seed will lead to a better understand- 
ing of its origin and development and of the proc- 
esses directly connected with the mechanism of nu- 
trition and growth of the embryo sac. It also might 
throw some light on a number of problems connected 
with plant physiology and plant breeding, such as 
seed dormancy, seed failure in incompatible crosses, 
etc. 

1 Received for publication October 30, 1944. 

Contribution from the Department of Botany, Smith 
College, New Series No, 15. This investigation was sup- 
ported in part by the Carnegie Institution of Washington. 

The author wishes to thank Dr. A. F. Blakeslee for his 
help and valuable suggestions throughout this work. 


Much is known about the structure and function 
of the megaspore from numerous studies which have 
been made on the morphology and cytology of the 
megaspore mother cell and the embryo sac before 
and after fertilization. Much less attention has been 
paid so far to the remaining constituents of the 
ovule, the cells forming the integument, and the 
cells of the nucellus, particularly those cells at the 
chalazal end of the ovule. Studies on the structure, 
function and fate of these ovular tissues are incom- 
plete. Usually only brief statements about the nucel- 
lus and integument accompany the detailed studies 
on the megaspore; the chalaza, namely, the cells 
located between the embryo sac and the funicle in 
a developing ovule, is generally neglected. In some 
respects the conclusions regarding the fate of the 
nucellar cells and of the integument seem to be con- 
tradictory, probably because of a great variability 
in the structure and development of ovular tissues 
in plants belonging to a wide range of species. There 
are also apparently misinterpretations, the most fre- 
quent of which are connected with the nature of the 
layer adjacent to the embryo sac. Dahlgreen (1927) 
lists a number of papers in which the innermost 
layer of the integument is considered a part of the 
nucellus. It seems that the same misinterpretations 
are found in other recent papers (Cooper and Brink, 
1940; Cook, 1924). Such misinterpretations are ap- 
parently the result of a lack of a proper definition 
of the nucellus, a fact also recognized by Dahlgreen 
(1927). The definitions found in the literature are 
rather vague and inconsistent. In speaking of the 
young ovule the nucellus in current literature is 
described as the inner cellular mass of the ovule, or 
as the central parenchymatous mass of the ovule. 
In the mature ovule, however, the generally accepted 
definition considers the nucellus as only that part 
of the ovule which is surrounded by the integument, 
and the integument is described as arising from or 
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at the base of the nucellus (Bower, 1919; Engler 
and Prantl, 1926; Strasburger, 1930; Goebel, 1933; 
Haupt, 1934; Pearson, 1932-33; Wettstein, 1935), 
or it is even stated that the integument is grown “con- 
genitally” with the funiculus (Dahlgreen, 1928). 
Should the nucellus be interpreted only as that por- 
tion of the ovule which is covered with the integu- 
ment ? Should such an interpretation be accepted in 
the case of species where the integument starts to 
develop near the apical portion of the nucellus and 
not at or from its base? In Datura , as in Lycopersi- 
con (Cooper, 1931), in Solarium (Rees-Leonard, 
1935) and in Ulmus (Walker, 1938) the integument 
arises as an outgrowth of the epidermis at the level 
just below the archesporial cell, and continues its 
growth outward around the upper portion of the 
nucellus. There is a large mass of parenchymatous 
micellar tissue below the archesporial cell, which is 
not invested by the integument. It would seem more 
consistent to consider this tissue as nucellar in both 
young and mature ovules. As will be shown in later 
paragraphs these cells take an active and important 
part in nourishing and protecting the embryo sac 
and in the formation of the seed coat. Moreover, 
they are of the same origin as those nucellar cells 
which are surrounded by the integument. The pres- 
ent paper, therefore, will use the term nucellus to 
include not only that portion of the ovule invested 
by the integument, but also the ovular tissue be- 
tween the megaspore and the funicle. 

The earlier papers on the nucellus and the integu- 
ment will not be referred to here. The literature con- 
cerning the nucellus is covered by Dahlgreen (1927) 
in his review of the morphology of the nucellus, and 
by Schnarf (1929), A list of papers on the integu- 
ment can be found in the comprehensive and detailed 
work by Soueges (1907) relating to the structure 
and development of the seed coat in over 140 spe- 
cies of the Solanaceae, including Datura stramonium 
and four other Datura species. Soueges summarized 
the scattered and incomplete observations on the 
various changes which take place in the ovular lay- 
ers during the development of the ovule. He added 
a number of important details on the formation of 
the single integument. Our present knowledge of the 
structure and function of the tissues which form the 
seed coat in Datura and other Solanaceae is primar- 
ily based on his work. According to Soueges, when 
the embryo sac is ready for fertilization, three lay- 
ers can be distinguished in the ovular coat of the 
Solanaceae: (a) an outermost layer (b) a median 
layer and (c) an innermost layer. Both the outer- 
most and innermost layers develop from the epider- 
mis and each is one cell thick. The median layer 
which has an inner and outer zone, each several cells 
thick, develops from cells which lie within the epi- 
dermis. Only the outermost layer of the integument 
has a purely protective function. The function of the 
median and of the innermost layers can be consid- 
ered protective only at early stages. The function 
of the median layer is primarily nutritive ; the func- 


tion of the innermost layer is primarily digestive. 
This statement is in accord with Guignard (1893) 
who studied the structure of the seed coat in other 
plants. In recent papers on the Solanaceae, Svensson 
(1926) also attributes a digestive function to this 
layer, while Young (1923),' Cooper (1931) and 
Rees-Leonard (1935) consider it to be nutritive. 
Several names have been used in the literature to 
designate this innermost layer of the integument in 
various species. In the present paper it will be re- 
ferred to as the endothelium. 

According to Soueges, during the growth of the 
ovule a number of cells have digestive properties 
and the digestive function passes from one cell or 
group of cells to another at various stages of devel- 
opment of the ovule; from the m.m.c 2 to antipodal 
cells, from these to the endothelium and then to the 
endosperm. 

The structure of the embryo sac when ready for 
fertilization was described for Datura stramonium 
C D . laems ) by Guignard (1902). It has the common 
eight nucleated structure. Details on megasporo- 
genesis and on the formation of the embryo sac in 
the same species were given by Satina and Blakeslee 
(1935, 1937) and need not be repeated here. The 
brief statements made on this subject by Glisic for 
D. metel (1928) are in agreement with these obser- 
vations on D. stramonium . There is also agreement 
in respect to the development of the endosperm in 
both species. The planes of the first two divisions in 
D. stramonium follow the order described by Glisic 
in D. metel, i.e., the first division is transverse and 
the second is longitudinal. It is not possible to agree 
with Guignard (1902), who claimed that in D. laevis 
( D . stramonium) the first three divisions in the endo- 
sperm are transverse. Both Datura species thus be- 
long to the same group and D. metel should not be 
considered intermediate between D. stramonium and 
Hyoscyamus, as has been assumed by Glisic (1928), 
who based his conclusion on Guignard’s statement. 

It has been shown in a recent paper on Datura 
that in the young ovaries ready for the formation of 
ovules, the placenta is built up primarily by the cells 
of the innermost layer (L III) and that at this 
stage the epidermal layer (LI) and the subepider- 
mal layer (L II) each supply only one layer of cells 
(Satina and Blakeslee, 1943). A few additional L II 
cells are sometimes formed apparently because of 
premature periclinal divisions in the subepidermal 
layer of the placenta (fig. 1). However, as can be 
seen in figures 1 , 2, 11 and 12, it is the L III layer 
in the placenta which actually initiates the forma- 
tion of ovules. Groups of L III cells under the sub- 
epidermal layer begin to multiply rapidly, forming 
the bulk of numerous projections. Each projection 
is covered witli one layer of L II cells and one layer 
of epidermis. These young ovules are scattered all 
over the previously smooth surface of the placenta, 
which becomes undulate. The initiation of the ovules 
begins in the upper portion of the placenta and con- 

2 m.m.c. = megaspore mother cell. 
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Fig. 1-10. Periclinal chimeras, ovule development.— Fig . 1-4, 6-10, long, sections, fig. 5a-5c, transections.— Fig. 1. 
Placenta, initiation of ovules by the %n s L III layer.— Fig. 2. Same, initiation by the 8n , L III layer.— Fig. 3, 4. Young 
ovules: nucellus with an archesporial cell, provascular cells. Early development of the integument from epidermal 
cells— Fig. 5a~5c. Ovule, sections cut at different levels: (a) near the top of the m.m.c.; (b) through the median por- 
tion of the m.m.c., and (c) below its base. The number of 2n nucellar cells increases toward the base. The 8n integu- 
ment is more developed on the upper side of the ovule (right) than on its inner side (left).— Fig. 6. Same stage. Nu- 
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tinues downward. Each ovule is separated from the 
adjacent ovules by the epidermal and subepidermal 
cells of the placenta. These cells also divide inten- 
sively thereby adding to the surface of the ovule, 
which rapidly increases in volume, and to the tissue 
separating the adjacent ovules (fig. 2). The earliest 
stages of ovule development are shown in figure 1. 
In this longitudinal section of the placenta of a 2 n, 
4w, 2 n chimera the two projections seen at the left 
are formed predominately by diploid L III cells. 
The single L II layer is tetraploid. The initiation of 
two more ovules is seen on the right where division 
in the two groups of L III cells began later and 
where the surface of the placenta is still almost 
smooth. The initiation of these two ovules can be 
recognized, however, by the additional L III cells 
which form an angular line of diploid cells under 
the tetraploid subepidermal layer. The initiation of 
two more ovules is seen in another 2 n, 4ra, 2 n chimera 
(fig. 11). The beginning of ovule formation in 2 n, 2 n, 
Sn chimeras is shown in figures 2 and 12. As in the 
earlier stage just discussed, protuberances are 
formed predominantly by L III cells. The L III 
layer in these chimeras is octoploid and can be easily 
distinguished by the size of its cells from the diploid 
subepidermal L II layer. The section through the 
ovule on the very right in figure 1 2 is not median and 
the diploid cells seen in this ovule belong to the sub- 
epidermal and epidermal layers covering the inner 
portion of the ovule. 

The ovules seen in figure 1 1 are about 2 4 /x thick ; 
those in figures 2 and 12 are about 48 /x thick. Very 
soon after initiation, the divisions of L III cells in 
the young ovules become less frequent. Instead, a 
rapid multiplication of cells begins in the subepi- 
dermal layer L II, so that for a certain period the 
further growth of the ovules depends primarily on 
the contribution of the L II layer. The cells divide 
in various planes and form the nucellus, from which 
the sporogenous tissue will differentiate. In later 
stages, cells from L III are seen only at the base of 
the ovule (fig. 3, 4), and still later in the funiculus, 
where they form the single vascular bundle (fig. 6, 
16, 17, 19, 23). When the ovule becomes about 70 /x 
thick (fig. 3, 4) the archesporial cell is already easily 
distinguished from the rest of the cells of the nucel- 
lus. It is larger and stains differently. The arche- 
sporial cell differentiates from the subepidermal 
layer of the nucellus near the apex of the ovule (fig. 
3, 4, 14). It is not rare, however, to find ovules with 
two, three or more archesporial cells (fig. 13). They 
are either all subepidermal, lying side by side, or 
some may differentiate from the layer below. Such 
is the case in figure 13, but the fourth archesporial 
cell suggested in this figure is clearly evident in the 
next section. Usually only one cell develops into the 


m.m.c. and goes through reduction division, growth 
in the other archesporial cells being arrested. How- 
ever, a few cases have been observed in Datura 
where at least three archesporial cells have become 
initiated in the subepidermal and the hyposubepi- 
dermal layers and have gone through reduction divi- 
sion. Twin embryos have been reported as not in- 
frequent in Datura (Satina, Blakeslee and Avery, 
1934). It is clear that potential archesporial cells 
are located not only in the subepidermal layer of the 
nucellus but also below it. This is in agreement with 
the observations made in some other species of the 
Solanaceae (Rees-Leonard, 1935; Lesley, 1926). 
More information on this subject in other species is 
given by Dahlgreen (1927) and by Schnarf (1929). 

Mature ovules in the Solanaceae are usually classi- 
fied as anatropous or slightly campylotropous 
(Soueges, 1907). Applying GoebeFs classification 
(1933, p. 2003) the ovules of Datura must be con- 
sidered anatropous only for a short period of their 
development. When the megaspore is forming they 
are rather campylotropous (fig. 18, 21—23) or inter- 
mediate between anatropous and campylotropous 
(fig. 24). After fertilization they become slightly 
amphitropous. Such changes in position of the ovule 
during development are not rare in plants according 
to Goebel (1933, p. 2004). There is a great varia- 
tion of types of ovules in Datura stramonium . Their 
position depends apparently on their location on the 
placenta and on their number. In rare cases some 
ovules were found to be quite erect or atropous in 
late stages of development, but as a rule in this spe- 
cies the ovules are erect only in the very early stages. 
Their inversion begins before the m.m.c. divides 
meiotically and is connected with the development 
of the integument. 

When the archesporial cell begins to differentiate 
from the nucellus it is covered at the top by a single 
epidermal layer. Soon some epidermal cells lying 
on both sides of the archesporial cells divide peri- 
clinally. This happens when the ovule is still almost 
erect. It is the beginning of the formation of the 
single integument of the ovule. The first additional 
epidermal cells resulting from periclinal divisions 
in Datura are formed at the level of the base of the 
archesporial cell, but not at the base of the nucellus 
as is usually stated in current literature. This early 
development of integument is seen in ovules of two 
8n, 2 n, 2 n chimeras, where the epidermis is octo- 
ploid (fig. 4, 15) and in two ovules of 2n, 4n, 2 n 
chimeras, where it is diploid (fig. 3, 14). The ovule 
curves at the region where the integument begins to 
develop and the inversion occurs as a result of more 
intensive growth on one side of the ovule. As is seen 
in figures 4, 6, 14, 17, fewer cells have divided in 
each ovule on the inner side of the curving body. 


merous Bn nucellar cells behind the m.m.c— Fig. 7. Prophase in m.m.c,, nucellar cells on its sides still appear normal. — 
Fig. 8. Second anaphase in m.m.c. ; few disorganized Bn nucellar cells at the base and on the sides of the m.m.c. — Fig. 9. 
Same, later stage. Cells of 8n innermost layer of integument are ready to replace the dead nucellar cells on the sides of 
the megaspore. — Fig. 10. Embryo sac, endothelium with an open space at chalazal end, disorganized Bn nucellar cells 
outside' the endothelium. 
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From early stages, the cells of the outer side multi- 
ply more rapidly than the cells on the inner side. 
This explains why the integument has a larger num- 
ber of cell layers on the outer or convex side of the 
ovular coat, than on the inner or concave side, in the 
early as well as in the mature stages (fig. 16, 17, 20, 
21). The inversion is accompanied by an elongation 
of the nucellar cells around the m.m.c. and of the 
m.m.c. itself, and by multiplication of the cells which 
form the integument. This results in a continuous 
outward growth of the distal region of the ovule. In 
later stages the micropylar end of the ovule turns 
toward the funicle (fig. 17, 20, 21). The integument 
at its base is united to the cells of the nucellus near 
the chalazal end. The part of the integument which 
develops on the inner side of the inverted ovule be- 
comes adherent to the funiculus (fig. 20-22, 24). 

At early stages, all the cells adjacent to the m.m.c. 
are nucellar with the exception of those of the epi- 
dermis at the top of the ovule. In figures 3 and 14 
the nucellus is tetraploid; in figures 4 and 15 it is 
diploid. After the differentiation of the archesporial 
cell, the cells in the L II layer, which contributed to 
the formation of the nucellus, begin to divide less 
frequently. In later stages, when the m.m.c. is ready 
to divide meiotically the cells of the nucellus around 
the m.m.c. stop dividing and the multiplication of 
the nucellar cells continues only in the lower portion 
of the nucellus — in the chalaza (fig. 6, 7). Until after 
fertilization, these dividing nucellar cells contribute 
chiefly to the width and thickness and less to the 
length of the ovule. The growth in length of the 
latter from now on until the embryo sac is formed 
depends primarily on the increase in size of the 
megaspore and on the multiplication of cells of the 
L I layer. The L I layer alone forms the integument 
in Datura . The integument rapidly develops in 
length, width and thickness and soon overgrows the 
m.m.c. Except at the base where the integument 
never develops it surrounds this cell almost entirely 
leaving a very narrow opening — the micropyle — at 
the distal end (fig. 18). The beginning of the forma- 
tion of the micropyle is seen in figure 1 7 at the stage 
when the m.m.c. has just divided. It will be a long 
time before the megaspore cell will divide mitotical- 
ly. The cell increases considerably in length and 
width and becomes about three times as long as wide 
before it is ready for the three successive divisions 
resulting in the formation of the 8-nucleate embryo 
sac. Together with the growth of the megaspore a 
marked increase in size is seen in the integument. 

In early stages the cells of the integument are 
adjacent to the m.m.c. only near its top (fig. 6, 7, 
15). The median and basal portions of the m.m.c. 
are surrounded by nucellar cells. In older stages, 
when the megaspore has formed, the integument re- 
places the nucellar cells along the sides of the mega- 
spore and becomes adjacent to it all along its length 


(fig. 8, 9, 16, 17). This happens because there is a 
continuous disorganization of the nucellar cells 
which lie around the megaspore. The innermost cells 
of the nucellus gradually become digested and ab- 
sorbed by the growing m.m.c. (fig. 7, 8, 16, 17). The 
outer nucellar cells which successively become adja- 
cent to the megaspore when they replace the already 
digested cells are also soon disorganized (fig. 9, 18). 
When all the nucellar cells along the sides of the 
megaspore have been absorbed by the latter, they 
are replaced by the cells of the innermost layer of 
the integument. The last cells of the diploid nucellus 
which are considerably disorganized, are seen in 
figure 9. This longitudinal section was made through 
an ovule of an &n, 2 n, 2 n chimera. The formation of 
the endothelium which lines the megaspore is almost 
completed. The cells in this layer differ from other 
cells in shape and by the neat order they assume. 
They are elongated perpendicularly to the long axis 
of the megaspore and form an almost complete circle 
around it. It is only at the base of the megaspore 
that the nucellar cells remain adjacent to it. 

The relative number of cells of the integument 
in comparison with those of the nucellus around the 
m.m.c. can best be studied in transverse sections of 
ovules cut at different levels. Three sections cut re- 
spectively near the top of the m.m.c. (fig. 5a), 
through its median portion (fig. 5b), and slightly 
below its base (fig. 5c), were made through a young 
ovule of an 8n, 2 n, 2 n chimera. The m.m.c. in this 
ovule had not yet divided meiotically. In figure 5a 
the number of octoploid integument cells predomi- 
nates over that of the diploid nucellar cells. There 
are more diploid nucellar cells around the m.m.c. in 
the median level of the ovule (fig. 5b), but the pro- 
portion between the number of integument cells and 
of nucellar cells remains approximately the same. 
In figure 5c the cells of the nucellus are more abun- 
dant than those of the integument. Four diploid cells 
with larger nuclei in the center of the section are 
also nucellar. They will be discussed later. Trans- 
verse sections through older ovules invariably 
showed a decrease in the number of the nucellus cells 
and an increase in the number of cells forming the 
integument. 

At the stage when the embryo sac is ready for 
fertilization, it is almost completely surrounded by 
the endothelium which has come from L I, Only a 
narrow space about 24 p, in thickness, is left free 
from the endothelium near the base of the antipodal 
cells at the chalazal end (fig. 10). This space re- 
mains open and serves as a contact, before and after 
fertilization, between the embryo sac and the basal 
portion of the nucellus (fig. 18, 20 - 24 ). 

Distinct changes also take place, during the de- 
velopment of the ovule, in a small group of nucellar 
cells located at the proximal end of the m.m.c, and 
the embryo sac. This group may sometimes be dis- 


the top of the ovule. — Fig. 17-19. Later stages. Formation of the micropyle, chalazal pocket, and funicle with a vas- 
cular bundle. Disorganization of %n nucellar cells at the sides of the megaspore. Nucellar cells around chalazal pocket 
appear normal. 
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tinguished by their larger size in very early stages, 
soon after the differentiation of the archesporial 
cell (fig. 4, 5c). It is possible that the early differ- 
entiation of such cells indicates a tendency for them 
to become the additional archesporial cells discussed 
above. In older stages, when the m.m.c. divide 
meiotically, a group of nucellar cells at the chalazal 
end can always be recognized from other cells by 
larger size, smaller amount of cytoplasm and thinner 
cell walls (fig. 8, 9). This group of cells becomes 
completely disorganized when the embryo sac is 
ready for fertilization. The chalazal pocket replaces 
them (figs. 20, 22), but it is evident that the disin- 
tegration of this group of cells is in progress long 
before the antipodal cells are formed (figs. 17, 18, 
19). The cell contents are digested and absorbed by 
the m.m.c. and later by the megaspore and not neces- 
sarily by the antipodal cells, as has been stated by 
Soueges (1907). Only vestiges of these nucellar cells 
are left when the antipodal cells are formed. The 
size of the chalazal pocket varies considerably and 
in a few exceptional cases its diameter was found 
almost equal to that of the mature embryo sac. 

Figures 20-24 will help in understanding the ori- 
gin and structure of tissues in the ovule with the 
mature embryo sac ready for fertilization. As can be 
best seen in figure 21, the cells of the octoploid inte- 
gument and the cells of the diploid nucellus both 
participate in the formation of the ovular coat which 
after fertilization will eventually become the seed 
coat. The integument and the nucellus lie side by 
side and there is no clearly defined line between 
them ; their cells are intermingled and the propor- 
tion of each tissue varies slightly in different ovules. 
It is evident, however, that at this stage of develop- 
ment the major portion of the ovular coat is con- 
tributed by the integument; the micropylar end, and 
about two-thirds of the outer side of the ovular coat, 
which is about ten layers thick, are formed by the 
integument alone. The integument contributes only 
two or three layers of cells on the inner side of the 
ovular coat. The chalazal end of the ovular coat and 
several layers of cells on the inner side of the latter 
are formed by cells contributed by the nucellus. The 
base of the embryo sac is embedded in the nucellus 
and few nucellar cells lying on the sides of the chala- 
zal pocket run at a slightly higher level over its base 
into the cells of the integument (figs. 20-23). Be- 
yond the chalazal pocket the nucellar tissue is con- 
nected with the vascular bundle and the funicle (figs. 
23, 24). The contact between the funicle and the 
micropylar tissue is seen best in figures 20, 21 and 
23 because of the difference in cell sizes of the diploid 
and polyploid tissues forming the funicle and the 
integument. 

In the control plant and in chimeras in which the 


L I and L II layers have the same chromosomal 
constitution, it is hardly possible to distinguish 
which portion of the seed coat has been contributed 
by the nucellus and which by the integument. In 
figure 24, which represents a section of an ovule of 
a 2 n, 2 n, 4<n chimera, the nucellus and the integu- 
ment are both diploid. The larger tetraploid cells 
seen in the funicle were developed from the L III 
layer. With the exception of the cells of the epider- 
mis and of the endothelium which are slightly larger 
and differ somewhat in shape from the rest, there is 
no distinct difference between cells belonging to the 
nucellus and those of the integument. The stronger 
affinity for stain in some layers (Soueges’ inner zone 
of the median layer) is seen in cells contributed both 
by the nucellus and by the integument (figs. 20, 24), 
though as a rule the cells at the chalazal end stain 
darker than those at the micropylar end (figs. 
20-24). 

The three layers forming the seed coat, as de- 
scribed by Soueges, can be seen and studied better 
in free hand sections treated by iodine and other 
reagents than in fixed and stained material. As has 
been mentioned above, the endothelium and the out- 
ermost epidermal cells are usually larger than the 
cells of the median layer. They also differ in shape 
(figs. 20-24). About five layers of cells filled with 
starch and dense cytoplasm represent the inner zone 
of Soueges’ median layer. These cells stain darkly, 
particularly on the convex side of the ovule. The 
outer zone of Soueges* median layer is wider than 
the inner zone and stains lightly, though the cells in 
this zone also have a considerable amount of reserve 
food. The cells in this zone continue to multiply after 
fertilization and add considerably to the growth of 
the seed coat, while the cells of the inner zone are 
digested and absorbed by the endothelium. As a re- 
sult of such disorganization the endothelium be- 
comes almost separated from the rest of the integu- 
ment. About ten to twelve days after fertilization 
the endothelium itself is digested and absorbed by 
the endosperm. The latter digests also the major 
part of the outer zone of Soueges’ median layer. 
Further details regarding the mature seed coat and 
the embryo development will be given in a later 
paper. 

Discussion. — The use of periclinal chimeras has 
been of great help in studying the development and 
structure of the ovule in early and mature stages. 
The material collected from chimeras with poly- 
ploid epidermis (L I) and diploid median layer 
(L II) and from chimeras with the reverse combina- 
tion made it possible to learn in detail the origin and 
fate of various tissues participating in the formation 
of the ovule and its coat. 

The ovules develop in a different manner from the 


Fig. 20-24. Periclinal chimeras, ovules, photomicrographs. Long, sections. The ovular coat has three layers : the epi- 
dermis, the median layer and the endothelium. With the exception of an open space, seen at the chalazal end, the endo- 
thelium forms an almost complete circle around the embryo sac. At the chalazal end the median layer of the coat is 
formed by nucellar cells, at the micropylar end and on the sides of the embryo sac it is formed by the integument. The 
outer side of the integument is wider than the inner. 



80 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32 , 


other organs. There is a distinct alternation in the 
activity of the cells contributing to the growth of 
the ovules. As a result of such successive activity of 
the three layers the ovule can be roughly divided 
along its length into three portions, one following 
the other. In each, the funicle, the nucellus, and the 
integument, the cells derived from one of the three 
layers, L III, L II and L I, predominate in number 
over the others. 

Cells of epidermal origin alone participate in the 
formation of the integument. Contrary to Soueges 
the cells from the inner tissues do not take part in 
the formation of the integument. Soueges’ statements 
concerning the protective, nutritive and digestive 
properties of the integument are confirmed by this 
study. The same is true in regard to his observations 
on the digestive properties of different cells at vari- 
ous stages : the megaspore, the endothelium and the 
endosperm. There is no doubt that the development 
of the embryo sac and its growth in length, width and 
thickness is directly connected with the disorganiza- 
tion and digestion of the cells lying around the em- 
bryo sac. The absorption of these cells serves a 
double purpose : it supplies the megaspore with nu- 
tritive substances and it makes space for the enlarg- 
ing embryo sac. In accord with Soueges it also has 
been found that the ovular coat, in ovules ready for 
fertilization, has three layers, the tissues of which 
differ in structure and function. There is, however, 
a great difference in the interpretation of the origin 
of the ovular coat. According to Soueges (1907) and 
to Schnarf (1929, 1931), all the nucellus in the 
Solanaceae is digested long before the embryo sac 
becomes ready for fertilization. This is true in 
Datura only in respect to the nucellar cells lying 
around the megaspore and the few cells located im- 
mediately beyond its chalazal end. A considerable 
number of nucellar cells at the base of the integu- 
ment and around the chalazal pocket remain active 
and participate, together with the integument, in 
the formation of the ovular coat. The same is true in 
Phaseolus (Brown, 1917) where the nucellar cells 
at the chalazal end persist until late stages. They 
become larger and are arranged in definite rows, 
which diverge from the point of origin of the integ- 
ument. The nucellar cells function like Soueges’ 
median layer. They store food and their function 
before fertilization is predominantly nutritive. 
Later, after fertilization, they begin to multiply 
more intensively than the cells of the micropylar 
end of the seed coat and add much to the growth of 
the seed. It is the portion at the chalazal end of the 
seed coat which is predominantly responsible for 
the size and shape of the mature seed. 

There are evidences which indicate that inhibitors 
which cause seed dormancy in Datura are located in 
the seed coat. They are apparently present in the 
dead cells which fill the space of the concave surface 
of the seed. Details regarding this important factor 
will be given in a later paper. It is mentioned here 
only in connection with the numerous functions 


which are characteristic of the tissues which form 
the seed coat. In this respect the greatest variability 
in function is seen in the integument. The cells of 
the integument which are all epidermal in origin per- 
form protective, digestive and nutritive functions. 
They store large quantities of food and are later 
themselves used as food. Other functions of cells 
derived from the epidermis in Datura have been dis- 
cussed recently in another paper (Satina, 1944), 
This variability in function, together with the fact 
that the epidermal cells may change readily their 
functions at various stages, supports Linsbauer’s 
interpretation of the epidermis (1930). Arguing 
against the physiological definition of this tissue, 
according to which the epidermis is only a purely 
protective tissue, Linsbauer offers a broader mor- 
phological concept of the epidermis. He believes 
that one of the most important differences between 
the epidermis and other tissues lies in the fact that 
the epidermis is not limited to one main function, 
but that it can perform several others. It is the abil- 
ity to carry on a variety of other functions which is 
considered by Linsbauer as one of the main proper- 
ties of the epidermis. The present paper is in com- 
plete agreement with the point of view of Linsbauer 
regarding the diverse functions of the epidermis, 
which has been found to form not only the outer coat- 
ing of the ovular coat but also the entire inner tissue 
of the integument. 

SUMMARY 

The ovule is initiated from the innermost laver, 
L III. 

The nucellus develops from the median layer, 
L II. 

The integument arises at the level just below the 
base of the archesporial cell and develops from the 
outermost layer, L I. 

The archesporial cell arises in the subepidermal 
layer of the nucellus. Nucellar cells surrounding the 
megaspore are digested and absorbed during the 
development of the ovule. Nucellar cells in the chala- 
za persist and remain active. 

The micropylar portion of the ovular coat is 
formed by the integument; the chalazal portion is 
formed by nucellar cells. 
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A LIST OF CHROMOSOME NUMBERS IN HIGHER PLANTS. 
I. ACANTHACEAE TO MYRTACEAE 1 

Wray M. Bowden 2 


Relationships between chromosome number and 
winter hardiness in the higher plants were reported 
by Bowden (1940a, 1940b). Numerous plant collec- 
tions were assembled of genera and species native 
to tropical, subtropical, and temperate zones. In the 
present paper and in one to follow, cytological data 
obtained by the methods described by Bowden 
(1940a) are recorded. Examinations were made of 
222 collections of 179 species of angiosperms and 
one collection for each of two species of gymno- 
sperms. These were distributed in eighty genera in 
forty-eight families. 

Materials and methods. — The plants were 

1 Received for publication October 2, 1944. 

2 Formerly Research Fellow in Agricultural Biology of 
the Blandy Experimental Farm, University of Virginia. 
The writer expresses his appreciation to Dr. Orland E. 
White, Director of the Blandy Experimental Farm, for 
helpful criticism and supervision during this investigation ; 
to the collectors and systematic botanists for their coop- 
eration in assembling and identifying the plants; to Dr. 
L. H. Bailey for reviewing the taxonomic nomenclature; 
and to Dr. Orland E. White and Dr. J. T. Baldwin, Jr,, 
for reading the manuscript. 


grown in experimental plots from seeds, cuttings, 
seedlings, etc., obtained from botanical gardens, ar- 
boreta, and seed firms, from field collections, or 
from permanent plantings in the nursery and arbo- 
retum of The Blandy Experimental Farm. Each col- 
lection was checked as carefully as possible to deter- 
mine its taxonomic identification. In cases which 
proved to be difficult, herbarium specimens were sent 
to taxonomists, including Dr. L. H. Bailey, Dr. 
Alfred Rehder, and Dr. Paul C. Standley. Adequate 
material of many collections was available after final 
observations were recorded in 1941, and herbarium 
specimens were deposited in the Bailey Hortorium, 
Ithaca, New York. Many of the species listed in this 
account are well known, and, even though changes 
in nomenclature may eventually be made, it is con- 
sidered that the identifications listed will make rec- 
ognition possible. 

To obtain root tips with many mitoses, plants were 
carefully dug, and, if only a few suitable root tips 
were available, the root system was pruned and the 
plant re-set. By careful watering, root tips with 
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abundant mitoses could usually be obtained within 
several weeks. Vigorously-growing young seedlings 
also yielded excellent somatic root-tip material. A 
few chromosome-number determinations were made 
from metaphases in somatic tissues of young leaves, 
stem tips (fig. 85, 99, 100; see also fig. 122, 185, 195, 
and 196 in the following paper) and young flower 
buds (fig. 169 and 186 in the following paper) ; this 
was found to be especially helpful when only lim- 
ited plant material was available or when the usual 
routine methods were unsatisfactory as noted by 
Bowden (1940b) for Sassafras albidum (Nutt.) 
Nees. var. molle (Raf.) Fern. 

The preparations of root tips, young leaves, stem 
tips, and flower buds, were made from material fixed 
in Webber’s modification of Nawashin’s fixative, im- 
bedded according to La Courts alcohol-chloroform- 
paraffin schedule, sectioned at 10 to 15 /x, and stained 
in Newton’s iodine-gentian-violet or in Heidenhain’s 
iron-alum haematoxylin. Root tips were fixed be- 
tween 9.00 a.m. and 3.00 p.m. Webber’s modifica- 
tion of Nawashin’s fixative (similar to Belling’s 
modification of Nawashin’s fixative) was valuable 
in that it yielded relatively uniform results for many 
different species in various genera and families. 

Certain materials proved to be difficult to fix satis- 
factorily. In such cases, when the large freshly-cut 
root tips 'were sliced longitudinally into halves and 
quarters by means of a sharp razor blade, fixation 
was much improved, e.g., in species of Annonaceae. 
Drawings of somatic chromosome complements in 
root-tip cells were made from metaphases in peri- 
blem cells midway between the median axis and the 
perimeter in the most mitotically-active zone, since 
these were the largest cells, and the chromosomes 
were usually better dispersed; an exception is figure 
76 which was drawn from a metaphase in an inner 
periblem cell. Chromosome numbers were deter- 
mined in all regions of the somatic tissues in serial 
sections of root tips, young leaves, stem tips, and 
flower buds. 

To obtain meiotic stages in the pollen mother cells, 
preparations were made by smearing the fresh an- 
thers on a dry slide and staining at once in Belling’s 
aceto-carmine. Anthers with the desired stages of 
meiosis were obtained between Kh00 a.m. and 
3.00 p.m. 

Drawings were made by use of a Zeiss microscope 
equipped with a 90 X oil immersion objective, N.A. 
1.25, and K. 15 X and K. 20 X oculars, in conjunc- 
tion with an Abbe camera lucida and a level draw- 
ing board. 

Cytological data. — Genera are listed under 


families which are arranged in approximate alpha- 
betical order; this arrangement results from the 
grouping on the same plate of the drawings for all 
the species of one family. Data for each collection 
include: Blandy Experimental Farm accession num- 
ber; figure number; taxonomic identification; source 
of material ; chromosome number determined during 
this investigation; and previously-reported chromo- 
some numbers as cited by Tischler (1927, 1931, 
1935, 1936, 1938) or Gaiser (1926, 1930a, 1930b, 
1933) or as known to the author from publications 
of later dates. 

The lists found in this and the following paper 
are a complete record of the cytological examina- 
tions made during this investigation and include the 
one hundred collections previously reported by 
Bowden (1940a). The chromosome complements of 
177 angiospermous species and one gymnospermous 
species are figured in the two papers by 204 camera- 
lucida drawings. There are 163 drawings of mitotic 
metaphases for 147 species, which have a magnifica- 
tion X 2500. Most of the forty-one drawings of 
meiotic stages (usually Metaphase I) of thirty- 
seven species have a magnification X 3240 with the 
exception of a few which have a magnification X 
2500, namely : fig. 83, 88, 89, 1 1 5, 1 16 of this paper ; 
fig. 133, 161, 163, 164 of the following paper. 

Chromosome number s. — Acanthaceae. — No. 
3380-29, fig. 1. Ruellia ciliosa Pursh., col. by O. E. 
White near Riverton, Virginia, n— 17 (2n=34, 
Bowden, 1940a). — No. 5750-39, fig. 2. Ruellia 
malacosperma Greenm., B.G. (i.e., Botanical Gar- 
den), Singapore, Straits Settlements, 2n=34. — No. 
5751—38, fig. 3. Ruellia nudi flora (Engelm. and 
Gray.) Urban, var. occidentals (Gray.) Leonard., 
col. by O. E. White near Victoria, Mexico, 2n=34. 
— No. 5752—39, fig. 4. Ruellia strepens L., Rex D. 
Pearce, N.J., 2n=34. — No. 6760-39, Ruellia stre- 
pens L., B.G., Leipzig, Germany, 2n=34. — No. 
5753-39, fig. 5. Ruellia tuberosa L., B.G., Copen- 
hagen, Denmark, 2n=34 (n=16, Sugiura, 1936). 

Actinidiaceae . — No. 7276-40, fig. 6. Actinidia 
arguta (Sieb. and Zucc.) Miq., Bay State Nursery, 
Mass., 2 n~ca. 116. — No. 494-35, fig. 7. Actinidia 
X Fairchildii Rehd. (— /!. arguta (Sieb. and Zucc.) 
Miq. 9 X A. chinensis Planch. $ ), Bureau Plant 
Introduction, P.I. No. 92303, staminate plant, 
2n ~ca. 132. — No. 495-33, fig. 8. Actinidia chinen- 
sis Planch Arnold Arboretum, Mass., 2n=ca. 116. 
— No. 496-34, fig. 9. Actinidia polygama (Sieb. and 
Zucc.) Miq., staminate plant, Bobbink and Atkins, 
N.J., 2n =ca. 116. 

Amaryllidaceae .- — No. 508-36, Manfreda virgin - 


(Gray.) Leonard., 2n=34. — Fig. 4. Ruellia strepens L., 2n=34. — Fig, 5. Ruellia tuberosa L,, 2n=34. — Fig. 5-9. Acti- 
nidiaceae. — Fig. 6, Actinidia arguta (Sieb. and Zucc.) Miq., 2n=ca, 116. — Fig. 7 . Actinidia X Fairchildii Rehd,, 2n=ca. 
182. — Fig. 8. Actinidia chinensis Planch., 2n=ca. 116,-— Fig. 9. Actinidia polygama (Sieb, and Zucc.) Miq., 2n=ea. 116. 
— Fig. 10-20. Annonaceae.-— Fig. 10. Asimina obovata (Willd.) Nash., 2n=18.~— Fig. 11. Asimina obovata (Willd.) 
Nash, var, grandiflora Hort., 2n=lS. — Fig, 12. Asimina parviflora (Michx.) DunaL, 2n = 18.- — Fig, 13, Asimina triloba 
(L.) DunaL, Metaphase I, n=9. — Fig. 14. Asimina triloba (L.) DunaL, 2n=18. — Fig, 15, Cananga odorata Hook, f, 
and Thoms, 2n=16. — Fig. 16. Annona montana Macfad., 2n=16. — Fig. 17. Annona muricata L., 2n = l(L— Fig. 18. 
xinnona recticulata L., 2n=16. — Fig. 19. Annona squamosa L., 2n~16. — Fig. 20. Annona glabra L., 2n=28. 
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Fig, 81 - 100 . 

(See page 89 for description of figures,) 
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merman, Harrisburg, Pa., 2n=:18. — No. 7600-40, 
fig. 12. Asimina parvi flora (Michx.) Dunal., col. by 
W. C. Coker, Chapel Hill, North Carolina, 2n~18. 
— 586-26, fig. 13. Asimina triloba (L.) DunaL, col- 
lection at The Blandy Experimental Farm from 
New York, Kentucky, Maryland, Michigan, Ohio, 
and Indiana, n=9; (n=9, Locke, 1936). — No. 586- 

Fig. 21-40.— Fig. 21, 38. Polar views of Metaphase I, magnification X 3240. — Other figures, polar views of mitotic 
metaphases, magnification X 2500.— Fig. 21-29. Apocynaceae.— Fig. 21. Lochnera rosea (L.) Reichb., Metaphase I, 
n — 8.— Fig. 22. Vinca difformis Pourr., 2n=46.— Fig. 23. Vinca herbacea Waldst. and Kit., 2n=46.— Fig. 24. Vinca minor 
L., 2n=46. — Fig, 25. Vinca minor L. var. alba West., 2n=46. — Fig. 26. Vinca minor L. var. Bowles Hort., 2n =46. — 
Fig. 27. Vinca minor L. var. flore-pleno purpurea Hort, 2n=46.— Fig. 28. Vinca major L., 2n=92— Fig. 29. Vinca 
major L. var. variegata Loud., 2n=92.— Fig. 30-34. Araceae— Fig. 30. Arisaema ambiguum Engl., 2n=26.— Fig. 31. 
Arisaema quinatum (Nutt.) Schott., 2n=28. — Fig. 32. Arisaema concinnum Schott., 2n=56. — Fig. 33. Arisaema Dra - 
contium (L.) Schott., 2n= 56. — Fig. 34. Arisaema triphyllum (L.) Schott, 2n=56. — Fig. 35-37. Araliaceae. — Fig. 35. 
Aralia nudicaulis L., 2n=24. — -Fig. 36. Ar alia spinosa L., 2n=24. — Fig. 37. Ar alia calif ornica Wats., 2n=48. — Fig. 38. 
Asclepiadaceae. — Fig. 38. Periploca graeca L., Metaphase I, n=ll. — Fig. 39, 40. Begoniaceae. — Fig. 39. Begonia 
Evansiana Andr., 2n=24, — Fig. 40. Begonia cucullata Willd., 2n =56. 

Fig. 41-60.— Polar views of mitotic^metaphases, magnification X 2500.— Fig. 41-51. Bignoniaceae— Fig. 41. Bignonia 
capreolata L., 2n=40. — Fig. 42. Campsis grandiflora (Thunb.) Loisel. var. Mme. Gallen Hort., 2n=40. — Fig. 43. Chi - 
lopsis linearis (Cav.) Sweet., 2n=40. — Fig. 44. Kigelia pinnata DC., 2n=40.— Fig. 45. Stenolobium stans Seem., 2n=40, 
— Fig. 46. Stenolobium stans Seem. var. angustata Rehd., 2n=40. — Fig. 47. Doxantha Unguis-cati Rehd., 2n=80. — 
Fig. 48. Incarvillea compacta Maxim., 2n=22. — Fig. 49. Incarvillea Olgae Regel., 2n=22. — Fig. 50. Incarvillea grandi- 
flora Bur. and Franch., 2n=22. — Fig. 51. Incarvillea Olgae Regel., 2n=22. — Fig. 52-58. Cactaceae. — Fig. 52. Opuntia 
arborescens Engelm., 2n=22. — Fig. 53. Opuntia repens Bello., 2n=22, — Fig. 54. Opuntia compressa Macbride., 2n=22. 
— Fig. 55. Opuntia compressa Macbride., 2n=44. — Fig. 56. Opuntia impedita Small., 2n=44. — Fig. 57. Opuntia salmi- 
ana Parm., 2n=44. — Fig. 58. Opuntia fragilis Haw., 2n=66. — Fig. 59. Caprifoliaceae. — Fig. 59. Sgmbucus javanica 
Reinw., 2n=36. — Fig. 60. Cornmelinaceae. — Fig. 60. Commelina hirtella Vahl., 2n = e«. 58. 

Fig. 61-80. — Fig. 61, 62, 63, 64, 65. Polar views of Metaphase I, magnification X 3240.— Fig. 66-80. Polar views of 
mitotic metaphases, magnification X 2500. — Fig. 61-66. Celastraceae. — Fig. 61. Celastrus orbiculata Thunb., Meta- 
phase I, n=23. — Fig. 62. Celastrus scandens L., Metaphase I, n=23. — Fig. 63. Euonymus japonica L % Metaphase I, 
n — 16. — Fig. 64. Euonymus For tun ei (Turcz.) Hand.-Mazz. var. vegeta (Rehd.) Rehd., Metaphase I, n = 16. — Fig. 
65. Euonymus americana L., Metaphase I, n=32. — Fig. 66. Pachistima Canbyi Gray., 2n=32. — Fig. 67-80. Cistaceae. 
— Fig. 67. Helianthemum alpestre (Jacq.) Dun., 2n=20. — Fig. 68. Helianthemum sp.,2n~®0. — Fig . 69. Helianthemum 
glaucum (Cav.) Pers., 2n=20. — Fig. 70. Helianthemum apennium (L.) Mill., 2n=20. — Fig. 71. Helianthemum ovatum 
Dun., 2n=20. — Fig. 72. Helianthemum pilosum Mill., 2n=20. — Fig. 73. Helianthemum polifolium Mill., 2n=20. — Fig. 
74. Helianthemum apennium (L.) Mill., 2n=20. — Fig. 75. Helianthemum roseum DC., 2n=20. — Fig. 76. Helianthe- 
mum canum Boiss., 2n=22. — Fig. 77. Helianthemum nummularium Mill., 2n=32. — Fig. 78. Cistus albidus L., 2n=18. — 
Fig. 79. Cistus X hybridus Pourr., 2n=18. — Fig. 80. Cistus laurifolius L., 2n=18. 

Fig. 81-100. — Fig. 83, 88, 89, 91, 93, 94, 95. Polar views of meiotie stages. Other figures, polar views of mitotic meta- 
phases. — Magnification X 2500, except fig. 91, 93, 94, 95, which have a magnification X 3240. — Fig. 81, 82. Cistaceae. — 
Fig. 81. Cistus symphytifolius Lam., 2n=18. — Fig. 82. Cistus villosus L. var. tauricus (Presl.) Grosser., 2n=18. — Fig. 
83-89. Compositae. — Fig. 83. Baccharis pingraea DC., Metaphase I, n=9. — Fig. 84. Bucckaris genistelloides Pers. 
2n=18. — Fig. 85. Baccharis genistifolia DC., 2n=18. — Fig. 86. Baccharis halimifolia L., 2n = 18. — Fig. 87. Baccharis 
phyteumoides DC., 2n=18. — Fig. 88. Oerberia Jamesonii Bolus, var. hybrida Hort, Metaphase II, n=25. — Fig. 89. 
Gerberia Jamesonii Bolus var. hybrida Hort., Metaphase I, n=25. — Fig. 90. Coriariaceae. — Fig. 90. Coriaria myrtifolia 
L., 2n=ca. 80. — Fig. 91, 92. Euphorbiaceae. — Fig. 91. Euphorbia Lathyris L., Metaphase I, n=10. — Fig. 92. Manihot 
palmata (Veil.) Pax., 2n=36. — Fig. 93, 94. Fumariaceae. — Fig. 93. Corydalis sempervirens (L.) Pers., Metaphase I, 
n=8. — Fig. 94. Dicentra eximia Torr., Metaphase I, n=8. — Fig. 95, 96. Hydrophyllaceae. — Fig. 95. Hydrophyllum cana - 
dense L., Metaphase I, n=9. — Fig. 96. Hydrophyllum virginianum L., 2n=18. — Fig. 97. Juglandaceae. — Fig. 97. Juglans 
insular is Griseb., 2n=32. — Fig. 98-100. Lauraceae. — Fig. 98. Persea americana Milt, 2n=24. — Fig. 99. Persea palustris 
(Ilaf.) Sarg., 2n=24. — Fig. 100. Sassafras albidum (Nutt) Nees. var . rnolle (Raf.) Fern., 2n=48. 

Fig. 101-120.— Fig. 112, 115, 116. Polar views of Metaphase I. — Other figures, polar views of mitotic metaphases.— 
Magnification X 2500, except fig. 112 which has a magnification X3240. — Fig. 101-109. Iridaceae. — Fig. 101. Sisyrin- 
chium sp., 2n=16.— Fig, 102. Sisyrinchium indifolium H.B. and K., 2n=18.— Fig. 103, Sisyritichium albidum Raf., 
2n=32. — Fig. 104. Sisyrinchium helium Wats,, 2n=32. — Fig. 105. Sisyrinchium braehypus (Bickn.) J. K. Henry., 2n =36. 
—Fig, 106. Sisyrinchium calif ornxcum Dry and., 2n=36. — Fig. 107. Sisyrinchium sp,, 2n=64.— Fig. 108. Sisyrinchium sp., 
2n=90. — Fig. 109. Sisyrinchium angustifolinm Mill., 2n=96. — Fig. 110-114. Liliaceae.— Fig. 110. Anthericum LiUago 
L., 2n=30. — Fig. HI. Anthericum Lilias trum L. var, major Hort, 2n =30.— Fig. 112. A rthropodium cirrhatum R. Br., 
Metaphase I., n =22.— Fig. 113. Cordyline australis Hook, f., 2n=38. — Fig. 114. Dracaena Draco L., 2n =38. — Fig, 
115, 116. Ix>beliaceae. — Fig. 115. Lobelia Cardinalis L. Subsp. Cardinalis McVaugh., Metaphase I, n=7. — Fig. 116. 
Lobelia Cardinalis L. subsp. graminea (Lam.) McVaugh. var. pseudosplendens McVaugh., Metaphase I, n=7. — Fig. 
117, 118. Lyrthraeeae. — Fig. 117. Lager sir oernia indica L. var. rubra Hort, 2n=50.— Fig. 118. Lagerstroemia speciosa 
Pers,, 2n=50. — Fig. 119. Meliaceae. — Fig. 119. Media Azedarach L. f 2n=28.— Fig. 190. Myrtaceae. — Fig. 120. Feijoa 
Setlawmna Berg., 2n=22. 


ica (L.) Salisb._, Boyce Thompson Arboretum, Yon- 
kers, New York, n=30 (2n=60, McKelvey and 
Sax, 1933) (n— 12, Schaffner, 1909). 

Annonaceae . — No. 7601-40, fig. 10. Asimina obo- 
vata (Willd.) Nash., E. West, Gainesville, Florida, 
2n~18. — No. 7593—40, fig. 11. Asimina obovata 
(Willd.) Nash. var. grandiflora Hort., G. A. Zim- 
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26, fig. 14. Asimina triloba (L.) DunaL, same as 
preceding collection, 2n=18. — No, 7596—40, fig. 15, 
Cananga odoraia Hook. f. and Thoms., S. J. Lynch, 
Homestead, Fla., 2n=16. — 7599-40, fig. 16. An- 
no na montana Macfad., B.G., Buitenzorg, Java, 
2 x 1 = 16 . — No. 6848-39, fig. 17. Annona muricata 
L., B.G., Berlin-Dahlem, Germany, 2n=16. — No. 
7594-40, fig. 18. Annona reticulata L., S. J. Lynch, 
Homestead, Fla., 2n=16.— No. 7595-40, fig. 19. 
Annona squamosa L., G. A. Zimmerman, Harris- 
burg, Pa., 2n=:16.— No. 7592-40, fig. 20. Annona 
glabra L., G. A. Zimmerman, Harrisburg, Pa., 
2n=28. 

Apocynaceae . — No. 5746-38, fig. 21. Lochnera 
rosea (L.) Reichb., Northrup, King and Co., Minn., 
n=8 (n=8, Margadant, 1927, Sugiura, 1936, Pan- 
nocchia-Laj, 1938, Schnell, 1941) (2n=16, Bow- 
den, 1940a, Sugiura, 1931, and Pannocchia-Laj, 
1938). — No. 7529-40, fig. 22. Vinca difformis 
Pourr., B.G., Coimbra, Portugal, 2n=46 (2n=46, 
Pannocchia-Laj, 1938). — No. 2771—39, fig. 23. 
Vinca herbacea Waldst. and Kit., Hardy Plant 
Nursery, Dropmore, Man., 2n=46; (n=23, Finn, 
1928). — No. 3946-34, fig. 24. Vinca minor L., O. E. 
White, Charlottesville, Va., 2n=46 (n=23, Finn, 
1928); (2n=46, Pannocchia-Laj, 1938) (n=16, 
Schiirhoff and Muller, 1937). — No. 3947-34, fig. 25. 
Vinca minor L. var. alba West., Henry A. Dreer, 
Pa,, 2n=46. — No. 3948-34, fig. 26. Vinca minor L. 
var. Bowles Hort., Henry A. Dreer, Pa., 2n=46. — 
No. 3944-35, fig. 27. Vinca minor L. var. flore-pleno 
purpurea Hort., Carl Purdy, Calif., 2n=46. — No. 
5755-38, fig. 28. Vinca major L., Valley View 
Nursery, Virginia, 2n=92 (2n=92, Pannocchia- 
Laj, 1938) ; (n=8, Schiirhoff and Muller, 1937). — 
No. 6481— 40, Vinca major L., Palace Gardens, Wil- 
liamsburg, Va., 2n=92. — 6467-37, Vinca major L., 
Old Estate, “Plain Dealing,” near Scottsville, Va., 
2n=92. — No. 7197-40, fig, 29. Vinca major L. var. 
variegata Loud., B.G., Ann Arbor, Mich., 2n=92. — 
No. 7074-40, Vinca major L. var. variegata Loud., 
Holland’s Nursery, Charlottesville, Va., 2n=92. 

Araceae . — No. 6858-40, fig. 30. Arisaema ambi- 
guum Engl., B.P.I., P.I. No. 119220, col. near Kulu, 
Punjab, India, 2n=26. — No. 5707-39, fig. 31. Ari- 
saema quinatum (Nutt.) Schott., col. in Great 
Smokey Mountains, Tennessee, through B.G., Ann 
Arbor, Mich., 2n=28.— No. 5705-38, fig. 32. Ari- 
saema concinnum Schott., Lloyd B.G., Darjeeling, 
India, 2n=56. — No. 5706-39, fig. 33. Arisaema 
Dracontium (L.) Schott., Kohankie and Sons, Ohio, 
2n=56. — No. 5708-38, fig. 34. Arisaema triphyllum 
(L.) Schott., col. by W. M, Bowden in Clarke Cpun- 
ty, Virginia, 2n=56 (n=16, Atkinson, 1899). — 
No. 6634-39, Arisaema triphyllum (L.) Schott., col. 
by W. M. Bowden at Turkey Point, Norfolk County, 
Ontario, 2n=56. 

Araliaceae. — No. 6595-40, fig. 35, Aralia nudi- 
caulis L., Williams Nursery Co., New Hampshire, 
2n=24. — No. 6825-39, fig. 36. Aralia spinosa L., 
col. by W. M. Bowden in the University of Virginia 


forest, Charlottesville, Va., 2n=24. — No. 6588-40, 
fig. 37. Aralia calif ornica Wats., Carl Purdy, Calif., 
2n=48. 

Asclepiadaceae. — No. 3000-35, fig. 38. Periploca 
graeca L., Boyce Thompson Arb., N. Y., n=ll 
(n=12, Pardi, 1933). 

Begoniaceae. — No. 7751—39, fig. 39. Begonia 
Evansiana Andr., O. E. White, Charlottesville, Va., 
2n=24 (2n=26, Matsuura and Okuno, 1936). — 
No. 6647-38, fig. 40. Begonia cucullata Willd., B.G., 
Montevideo, Uruguay, 2n=56. 

Bignoniaceae. — No. 5709-38, fig. 41. Bignonia 
capreolata L., col. by O. E. White near Chapel Hill, 
North Carolina, 2n=40. — No. 667-34, fig. 42. 
Campsis grandiflora (Thunb.) Loisel. var. Mme. 
Gallen Hort., Bobbink and Atkins, N.J., 2n=40 
(n=20, Sax, 1933); (n=18, Sugiura, 1935). — No. 
2108-39, fig. 43. Chilopsis linearis (Cav.) Sweet., 
Soil Conservation Service, Oklahoma, col. at Wood- 
ward, Okla., 2n=40. — -No. 804— 29, Chilopsis linea- 
ris (Cav.) Sweet., Munson Nursery, Texas, 2n=40. 
—No. 2388—37, fig. 44. Kigelia pinnata DC., Atkins 
Inst., Arnold Arboretum, Cuba, 2n=40. — No. 271- 

38, fig. 45. Stenolobium stans Seem., Atkins Inst., 
Arnold Arboretum, Cuba, 2n=40. — No. 5754-39, 
fig. 46. Stenolobium stans Seem. var. angustata 
Rehd., col. by W. S. Flory, west of the Pecos River, 
Texas, 2n=40. — No. 6721-39, fig. 47. Doxantha 
Unguis-cati Rehd., B.G., Coimbra, Portugal, 
2n=80. — No. 5738-39, fig. 48. Incarvillea compacta 
Maxim., B.G., Stockholm, Sweden, 2n=22. — No. 
5739-38, fig. 49. — Incarvillea Olgae Regel., G. W. 
Park, S.C., 2n=22.— No. 5740-38, fig. 50. Incar- 
villea grandiflora Bur. and Franch., Rex. D. Pearce, 
N.J., 2n=22 (2n=18, Sugiura, 1931).— No. 5471- 

39, fig. 51. Incarvillea Olgae Regel., B.G., Copen- 
hagen, Denmark, 2n=22. 

Cactaceae. — No. 2919-35, fig. 52. Opuntia arbo- 
rescens Engelm., Anderson’s Nursery, Arlington, 
Va., and originally col. near Cheyenne, Wyo., 
2n=22. — No. 2835—39, fig. 53. Opuntia repens 
Bello., Royal Palm Nursery, Oneco, Fla., 2n=22. 
— No. 4319-38, fig. 54. Opuntia compressa Mac- 
bride., col. by W. M. Bowden near Southport, North 
Carolina, 2n=22. — No. 4320-28, fig. 55. Opuntia 
compressa Macbride., col. by O. E. White near 
Riverton, Virginia, 2n=44. — No. 4317-38, fig. 56. 
Opuntia impedita Small., col. by W. M. Bowden at 
Wrights ville Beach, North Carolina, 2n=44. — No. 
2836-39, fig. 57. Opuntia Salmiana Parm., Royal 
Palm Nursery, Oneco, Florida, 2n=44. — No. 2769- 
39, fig. 58. Opuntia fragilis Haw., Hardy Plant 
Nursery, Manitoba, 2n=66. 

Caprifoliaceae. — No. 5626-38, fig. 59. Sambucus 
javanica Reinw., Lloyd B.G., Darjeeling, India, 
2n=36. 

Commelinaceae. — No. 5717—38, fig. 60. Comme- 
lina hirtella Vahl., col. by O. E. White in North 
Carolina, 2n=ca. 58. 

Celastraceae. — No. 761-34, fig. 61. Celastrus or- 
biculata Thunb., O. E. White, Charlottesville, Va., 
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n=23 ; (2n=16, Bowden, 1940a) (n=23, Naka- 
jiina, 1933). — No. 763—35, fig. 62. Celastrus scan- 
dens L., staminate plant, native, Blandy Experi- 
mental Farm, Clarke County, Virginia., n— 23. — 
No. 1206-28, fig. 63. Euonymus japonica L., Cora 
Lee Young Nursery, N.C., n=16 (n=16, Sugiura, 
1931, Morinaga and Fukushima, 1931). — No. 
1217-31, fig. 64. j Euonymus Fortunei (Turcz.) 
Hand.-Mazz. var. vegeta (Rehd.) Rehd., Henry A. 
Dreer, Pa., n= 16. — No. 5722—34, fig. 65. Euony- 
mus americana L., col. by O. E. White, native, Albe- 
marle County, Virginia, n=32. — No. 2946-34, fig. 
66. Pachistima Canbyi Gray., Bobbink and Atkins, 
N.J., 2n=32. 

Cistaceae. — No. 5725— 38, fig. 67. H elianthemum 
alpestre (Jacq.) Dun., B.G., Geneva, Switzerland, 
2n=20 (n=16, Chiarugi, 1925). — No. 5726-38, 
fig. 68. Helianthemum sp., B.G., Geneva, Switzer- 
land, 2n=20. — No. 5728—38, fig. 69. Helianthemum 
glaucum (Cav.) Pers., B.G., Geneva, Switzerland, 
2n=20. — No. 5729—38, fig. 70. Helianthemum apen- 
ninum (L.) Mill., B.G., Geneva, Switzerland, 2n= 
20.— No. 5730—38, fig. 71. Helianthemum ovatum 
Dun., B.G., Geneva, Switzerland, 2n=20. — No. 
5731-38, fig. 72. Helianthemum pilosum Mill., B.G., 
Geneva, Switzerland, 2n=20. — No. 5732-38, fig. 73. 
Helianthemum polifolium Mill., B.G., Geneva. Swit- 
zerland, 2n=20. — No. 5733-39, fig. 74. Helianthe- 
mum apenninum (L.) Mill., B.G., Brussels, Bel- 
gium, 2n=:20. — No. 5734-39, fig. 75. Helianthe- 
mum roseum DC., B.G., Berlin-Dahlem, Germany, 
2n=20. — No. 5727-38, fig. 76. Helianthemum ca - 
num Boiss., B.G., Geneva, Switzerland, 2n=22.- — 
No. 5735-39, fig. 77. Helianthemum nummularium 
Mill. ( = H. vulgare Gaertn.), B.G., Edinburgh, 
Scotland, 2n=32 (n=16, Chiarugi, 1925). — No. 
5712-38, fig. 78. Cistus albidus L., B.G., Copenha- 
gen, Denmark, 2n=l 8 (n=9, Chiarugi, 1925). — 
No. 2734-39, fig. 79. Cistus X hybridus Pourr. (= 
C. salvifolius L. X C. populifolius L.), W. B. Clarke 
and Co., Calif., 2n=18. — No. 5713-38, fig. 80. Cis- 
tus laurifolius L., B.G., Copenhagen, Denmark, 
2n=18 (n=9, Chiarugi, 1925).— No. 5714-38, 
fig. 81. Cistus symphytifolius Lam., B.G., Copen- 
hagen, Denmark, 2n=18 (2n=18, Chiarugi, 

1937). — No. 5716-38, fig. 82. Cistus villosus L. var. 
tauricus (Presl.) Grosser., B.G., Copenhagen, Den- 
mark, 2n=18. — No. 5715—38, Cistus villosus L., 
B.G., Copenhagen, Denmark, 2n=18 (n=9, Chia- 
rugi, 1925). 

Compositae . — No. 3750-39, fig. 83. Baccharis 
pingraea DC., B.G., Montevideo, Uruguay, n=9. — 
No. 3753-39, fig. 84. Baccharis genistelloides Pers., 
B.G., Montevideo, Uruguay, 2n=18. — No. .3745-39, 
fig. 85. Baccharis genistifolia DC., B.G., Montevi- 
deo, Uruguay, 2n=18. — No, 6826-39, fig. 86. Bac- 
charis halimifolia L., col. by W. M. Bowden at 
Wrightsville Beach, North Carolina, 2n=18. — No. 
3749-39, fig. 87. Baccharis phyteumoides DC., B.G., 
Montevideo, Uruguay, 2n=18. — No. 7752-40, fig. 
88. Gerberia Jamesonii Bolus, var. hybrida Hort., 


Valley View Nursery, Va., n=25 (n=25, 2n=50, 
Kishimoto, 1940). — No. 1355—34, fig. 89. Gerberia 
Jamesonii Bolus, var. hybrida Hort., hardy form 
selected from a group of seedlings from Valley View 
Nursery, Va., by Dr. Orland E. White, n=25. — 
No. 6563-39, Gerberia Jamesonii Bolus var. hybrida 
Hort., seedlings from Dr. White's hardy selection 
(No. 1355-34), 2n=50. 

Coriariaceae. — No. 5719-39, fig. 90. Coriaria 
myrtifolia L., B.G., Coimbra, Portugal, 2n —ca* 80 
(n —ca. 40, 2n =c«. 80, Grimm, 1912). 

Euphorbiaceae. — No. 1232-33, fig. 91. Euphorbia 
Lathy ris L., col. by O. E. White near the Skyline 
Drive, at Thornton's Gap, Virginia, n=10 (2n= 
20, Perry, 1943).— No. 5749-39, fig. 92. Manihot 
palmata (Veil.) Pax., B.G., Montevideo, Uruguay, 
2n=36 (2n=36, Perry, 1943) (2n=4, Boiteau, 
1938). 

Fumariaceae. — No. 5720-37, fig. 93, Corydalu 
sempervirens (L.) Pers., col. by O. E. White near 
the Skyline Drive, Va., n=8. — No. 1046-35, fig. 
94. Dicentra eximia Torr., E. C. Robbins Nursery, 
N.C., n=8. 

Hydrophyllaceae. — No. 5736-37, fig. 95. Hydro- 
phyllum canadense L., col. by J. T. Baldwin, Jr., 
on Cheat Mt., West Virginia, n=9 (n=9, Winkler, 
1921); (n=12, Svensson, 1925).— No. 5737-39, 
fig. 96. Ilydrophyllum virginianum L., native to The 
Blandy Experimental Farm, Boyce, Clarke County, 
Va., 2n=18. 

Juglandaceae. — No. 308-38, fig. 97. Juglans insu- 
laris Griseb., Atkins Inst., Arnold Arboretum, Cuba, 
2n=32. 

Lauraceae. — No. 7754-39, fig. 98. Persea ameri- 
cana Mill., Fruit store, Charlottesville, Va., 2n=24 
(2n=24, Van Elden, cited by Merrill, 1930). — No. 
6854-39, fig. 99. Persea palustris (Raf.) Sarg., col. 
by O. E. White, near Wilmington, North Carolina, 
2n=24. — No. 7182-40, fig. 100, Sassafras albidum 
(Nutt.) Nees. var. molle (Raf.) Fern., native, 
Clarke County, Va., 2n=48. 

Iridaceae. — No. 3773-39, fig. 101. Sisyrinchium 
sp., received as S. chilense, B.G., Montevideo, Uru- 
guay, 2n=16. — No. 6696-39, fig. 102. Sisyrinchium 
iridifolium H.B. and K., Rex. D. Pearce, N.J., 
2n=18. — No. 2779-39, fig. 103. Sisyrinchium albi- 
dum Raf., col. by W. M. Bowden near Lynchburg, 
Virginia, 2n=32.— No. 6589—40, fig. 104. Sisyrin- 
chium helium Wats., Carl Purdy, Calif., 2n=32 
(n=16 in four ecotypes, Clausen, Keck, and Hiesey, 
1940). — No. 6716-39, fig. 105. Sisyrinchium bra - 
chypus (Bickn.) J. K. Henry., B.G., Copenhagen, 
Denmark, 2n=36. — No. 6590-40, fig. 106. Sisyrin- 
chium calif ornicum Dryand., Carl Purdy, Calif., 
2n=36. — No. 6740-39, fig. 107. Sisyrinchium sp., 
received as S . chilense, B.G., Leiden, The Nether- 
lands, 2n=64. — No. 7201-39, fig. 108, Sisyrinchi- 
um sp., Thompson and Morgan, Ipswich, England, 
2 n=.90. — No. 7504—40, fig. 109. Sisyrinchium an- 
gustifolium Mill., col. by W. M. Bowden at Turkey 
Point, Norfolk County, Out., 2n=96. 
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Liliaceae—No. 5704-39, fig. 110. Anthericum 
Liliago L., Lissadell, Sligo, I.F.S., 2n=30 (n:=32, 
Elvers, 1932).— No. 545-35, fig. 111. Anthericum 
Liliastrum L. var. major Hort., Henry A. Dreer, 
Pa., 2n=:30; (n=16, Stenar, 1928). — No. 1102-38, 
fig. 112. Arthropodium cirrhatum R.Br., P .1. 

No. 77543, n=22 (n=22, Hair, 1942).— No. 

5718-39, fig. 113. Cordyline australis Hook. f. (— 
Dracaena australis Forst.), B.G., Coimbra, Portu- 
gal, 2n=38 (n=60, Matsuura and Suto, 1935). — 
No. 1904-38, fig. 114. Dracaena Draco L., B.G., 
Lisbon, Portugal, 2n=38. — No. 1495-37, Hosta 
Fortunei Bailey, var. gigantea Bailey., D. M. An- 
drews, Boulder, Colorado, n=30 (n=30, Yasui, 
1935). 

Loheliaceae. — No. 353-36, fig. 115. Lobelia Car- 
dinalis L. subsp. Cardinalis McVaugh., col. by O. E. 
White at the northern end of the Shenandoah Valley, 
Virginia, n=7 (n=7, de Vilmorin and Simonet, 
1927, Sugiura, 1936, Cooper, 1942) (2n=14, 

Cooper, 1942).— No. 6874-40, fig. 11 6. Lobelia Car- 
dinalis L. subsp. graminea (Lam.) McVaugh. var. 
pseudosplendens McVaugh., B.P.I., P.L No. 
133415, col. Ropes Springs, New Mexico, n=7. 


Lythraceae . — No. 2531-28, fig. 117. Lagerstroe- 
mia indica L. var. rubra Hort., Cora Lee Young 
Nursery, N.C., 2n=50.— No. 2532-37, fig. 118. 
Lagerstroemia speciosa Pers., Atkins Inst., Arnold 
Arboretum, Cuba, 2n=50. 

Meliaceae. — No. 136-38, fig. 119. Melia Azeda - 
rack L., B.G., Darjeeling, India, col. at 3,000 ft., 
2n=28. — No. 4266-36, Melia Azedarach L., var. 
umbraculiformis Berckmans., col. by O. E. White 
near Wake Forest, North Carolina, 2n~28. 

Myrtaceae. — No. 5723—38, fig. 120. Feijoa Sel- 
lowiana Berg., B.G., Montevideo, Uruguay, 2n=i22. 

SUMMARY 

Chromosome numbers are presented and figured 
for a large number of species and genera in twenty- 
eight families of angiosperms. In a subsequent 
paper, chromosome numbers will be listed for mem- 
bers of many additional families. A discussion of 
the results presented in the two papers will be found 
at the end of the second paper. 

McM aster University, 

Hamilton, Ontario, Canada 
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DESYNAPSIS IN THE COMMON WHEAT 1 
H. W. Li, W. K. Pao, and C. H. Li 2 


In 1939, attempts were made by the writers to 
find polyploids in the common wheat through the 
study of twin seedlings. One of the twins that was 
obtained in F 3 from a cross of the pure line 18-3874 
and the variety Quality, exhibited unusual chromo- 
somal behavior. It had in most of the cases about 14 
bivalents and 14 univalents in the first meiotic meta- 
phase in microsporogenesis instead of the usual 21 
bivalents. This striking fact caused the writers to 
examine cytologically segregating progenies in F 3 

1 Received for publication December 5, 1944. 

Published under a special ruling of the Editorial 

Board. 

Journal series No. 4 of the Rice and Wheat Improve- 
ment Institute of the Szechuan Provincial Agricultural 
Improvement Institute, Chengtu, Szechuan, China. 

2 Head, Associate Agronomist of the Rice and Wheat 
Improvement Institute of Szechuan and Senior Agrono- 
nist of the Kansu Provincial Agricultural Improvement 
Institute, respectively. 


of the same cross. It was found that most of the 
progenies were normal in respect to their chromo- 
somal behavior, pollen viability and set of seed. 
Others contained plants which behaved in the same 
way as the twin mentioned but with varying per- 
centage of pollen viability and seed set. Other plants 
showed almost no bivalents with a decidedly low 
percentage of viable pollen and seed, although these 
also were subject to variation. This cytological be- 
havior indicated that either asynapsis or desynapsis 
was involved. Since that time much work has been 
done, the results of which are reported in this paper. 

Cytological studies. — In the course of this 
study, approximately two thousand plants were ex- 
amined cytologically. In the normal plants, there 
were invariably 21 bivalents. In the abnormal 
plants, however, there were variations from 0 to as 
many as 21 normally paired bivalents. The reason 
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for the existence of such a great variation will he 
discussed later. When a cell is devoid of any biva- 
lents, the univalents are scattered all over the cell 
in the late prophase (fig. 1) and metaphase stages, 
and in the anaphase they seem to pass to the poles 
at random. However, a few cells were found in 
which all the univalents were lined up on the equa- 
torial plate quite regularly, though the orientation of 
their centromeres to the spindle was rather haphaz- 
ard. These then separated at random to their respec- 
tive poles. This orientation of the univalents on the 
equatorial plate was, however, a rare occurrence. 

Whenever bivalents were present in a cell, they 
lined up in the equatorial plane, leaving the univa- 
lents widely scattered over the cell. After the biva- 
lents commenced to divide, the univalents either 
came to the equatorial plate, or else they gathered 
about the pole nearest to their former position (fig. 
2 and 4). In telophase, the univalents which lagged 
behind could be seen in the equatorial plane (fig. 5). 
Sometimes they split, and the halves either went to 


opposite poles, or both were included in one daugh- 
ter nucleus. The division of the cells with 21 biva- 
lents, on the other hand, was as regular as in plants 
with normal synapsis. 

In the second division, chromosome behavior was 
conditioned by the number of univalents that en- 
tered into the first division. The more univalents 
there were, the more irregular was the second divi- 
sion, this resulting in the presence of micronuclei and 
polyspory. For instance, plant 1705-2 had mostly 
univalents in nearly all the cells examined. The 
weighted mean of the bivalents was 1.8 and the re- 
sultant spore groups were quite irregular (table 1). 

It can be seen from table 1 that only 10 of 77 
sporocytes examined w T ere seemingly normal with 
respect to regular microspore formation. However, 
even in these, the size of the nuclei varied greatly, 
and it is probable that they had an unbalanced chro- 
mosomal constitution which would lead to poor pol- 
len viability. Ordinarily more than 90 per cent of 
the pollen grains in this type of plant aborted. Ma- 



Fig. 1-10. — Fig. 1, Metaphase I, no bivalent,— -Fig. 2. Metaphase I, 1 bivalent. — Fig. 3. Metaphase I, 4 bivalents. — 
Fig. 4. Metaphase I, 12 bivalents; notice the increase of chiasma frequency. — Fig. 5. Telophase I; notice lagging of 
univalents.— Fig. 6, Types of bivalents in desynaptic plants. Unequal pairs are indicated by arrows, and a chromosome 
of the reduced-contraction type is marked with an asterisk. — Fig, 7, Chromosomes at metaphase showing reduced 
contraction. — Fig. 8. Progeny of desynaptic plant showing 50 chromosomes, among which a tetravalent, and two 
trivalents. — Fig. 9, Multivalent chromosomes in the progeny of some desynaptic plants.— Fig. 10. Ring chromosome 
of F h Quality X 18-3874. 
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Table 1. Frequency of polyspory and micronuclei in plant 1705-8. 


Spores per sporocyte 4 


Micronuclei 0 1 2 3 4 5 6 0 1 3 3 4 5 1 3 3 4 2 3 3 

Frequency 10 16 18 19 7 0 3 0 119 0 9 0 111 11 1 

Totals 05 & 3 9 1 


crosporogenesis was not examinecL, but it is assumed 
that it was similar to microsporogenesis, since prac- 
tically no seeds ordinarily were formed in this type 
of plant. Nevertheless, this again is subject to great 
variation, the reason for which will be discussed 
later. 

Progress of desynapsis . — In examining the early 
prophase stages of the plants in which the number 
of bivalents at metaphase approached zero, it was 
found that the chromosomes definitely were syn- 
apsed and presented essentially the same appear- 
ance as in normal plants. Unpaired chromosomes 
were observed very rarely in the zygotene stage. 

During pachytene, in some of the plants studied, 
the paired chromosomes seemed to fall apart and 
the number of double threads was roughly correlated 
with the amount of pairing in diplotene, diakinesis 
and metaphase. This is in close agreement with the 
behavior of asynaptic plants in Zea (Beadle, 1933). 
In other plants, however, the chromosomes were 
paired during pachytene, and remained so until early 
or mid-diakinesis when they appeared as single, un- 
attached univalents, or a few chromosomes might be 
attached to each other for the most part in an end- 
to-end fashion. The falling apart of the paired chro- 
mosomes in this latter type of plant took place later 
than in the first type, probably during diplotene. 
This dissociation during the late prophase of chro- 
mosomes synapsed in the normal manner during the 
early prophase in mutants of various plant species, 
referred to by previous workers as asynapsis, is 
here described as desynapsis, a term which is be- 
lieved to describe more accurately the synaptic be- 
havior of the chromosomes in these plants. 

Bivalent association in desynaptic plants. — Such 
bivalents as are found in the desynaptic plants have 
mostly terminal chiasmata or end associations (fig. 
6 ). Interstitial chiasmata are rare. As the number 
of bivalents in the nucleus increased, the frequency 

Table 9. Segregation in F 2 of th 


of chiasmata or end associations per bivalent appar- 
ently increased (compare fig. 2 , 3 and 4). This is in 
agreement with the situation in desynaptic plants 
of Zea and other species. Attempts were not made, 
however, to measure the chiasma frequency, as dif- 
ferent bivalents are found in different cells ; in other 
words, counts can not be made on the same bivalents 
in all the cells studied. 

Other chromosome behavior. — In some plants, all 
of the chromosomes in the cell appear to be slender 
and drawn out during metaphase and early anaphase 
(fig. 7). In these cells there may be many or few 
bivalents. The chromosomes of a majority of the 
desynaptic plants do not behave in this way and it 
was not determined whether this behavior is a chance 
variation or a genetically controlled phenomenon. 

Inheritance of the desynaptic gene. — The 
discovery of the desynaptic character in the F 3 of 
a cross involving the pure line 18—3874 and the 
variety Quality was made early in the growing sea- 
son when cool weather prevailed. In attempting to 
identify additional desynaptic plants in the original 
Fg population and also in F 4 progenies later in the 
season when higher temperatures prevailed it was 
found that the expression of the desynaptic charac- 
ter was extremely variable. When it was discovered 
that the expression of the character was markedly 
influenced by temperature, as will be described later, 
the original cross was repeated and under conditions 
of low temperature favorable for making the classi- 
fications the F 2 data given in table 2 were obtained. 

Of a total of 563 plants studied, 414 were normal 
and 149 desynaptic. Deviation from a monohybrid 
ratio was 8.25 ± 10.18. The deviations in the sepa- 
rate lines used were not considered to be significant. 
The evidence points to a recessive desynaptic gene, 
designated ds. The following evidence suggests that 
the ds gene arose as a spontaneous mutation: 

1 . No abnormality was seen in the plants of the 

cross normal X desynaptic plants. 


Fine Gross Observed Expected 

number combination normal desynaptic normal desynaptic Diff. ± s.e. 


1433 654-113 18-3874 95 39 100.50 33.50 5.50 5.01 

*436-1 18-3874 654-90 49 14 49.00 14.00 0 3.94 

1436-9 18-3874 654-20 11 5 19.00 4.00 1 1.73 

1436-3 18-3874 654-20 73 23 72.00 24.00 1 4 24 

D39-1 18-3874 654-177 35 9 33.00 11.00 2 / 2.88 

1439- 2 18-3874 654-177 52 25 57.75 19.25 5.75 3.80 

1440- 1 18-3874 654-177 106 34 105.00 35.00 1 5.12 


414 149 422.25 140.75 8.25 ± 10.18 


Bivalent jreQuency 
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Table 3. Variation of bivalent frequency in 


Plant 

number 

Time of fixation 

Temperature 

0 

1 

2 

3 

4 

Frequency distribution of cells 

5 6 7 8 9 10 

1485-9 

3/31 

6.30 a.m. 

8.5 C 










l 


1485-9 

3/31 

8.30 a.m. 

14.5 C 











2 

1485-9 

3/31 

10.30 a.m. 

20.5 C 









1 



1485-9 

3/31 

12.30 p.m. 

23.5 C 









1 

2 


1485-9 

3/31 

2.30 p.m. 

24.5 C 






3 

2 

9 

8 

10 

8 

1485-9 

3/31 

4.30 p.m. 

25.5 C 






1 





2 

1485-9 

3/31 

6.30 p.m. 

19.0 C 

1 

2 

1 

3 

4 

8 

11 

9 

2 

3 

6 

1485-9 

3/31 

8.30 p.m. 

17.5 C 

1 

1 

3 

2 

3 

4 

5 

2 


6 

1 

1485-9 

3/31 

10.30 p.m. 

16.5 C 

2 

1 

3 

4 

2 

3 

4 

4 

7 

6 

6 

1491-1 

4/3 

6.00 a.m. 

17.0 C 

2 

1 


3 

8 

5 

9 

6 

5 

3 

2 

1491-1 

4/3 

9.00 a.m. 

21.0 C 










1 

2 

1491-1 

4/3 

12.00 a.m. 

28.5 C 












1491-1 

4/3 

3.00 p.m. 

30.0 C 












1491-1 

4/3 

6.00 p.m. 

21.5 C 

1 

1 

1 









1491-1 

4/3 

9.00 p.m. 

18.0 C 












1491-1 

4/3 

12.00 p.m. 

16.5 C 












1491-1 

4/4 

3.00 a.m. 

15.0 C 












1507-10 

4/3 

6.00 a.m. 

17.0 C 

2 

1 

1 

1 

4 

4 

6 

6 

6 

6 

2 

1507-10 

4/3 

9.00 a.m. 

21.0 C 

11 

10 

11 

11 

3 

2 

1 

2 

1 



1507-10 

4/3 

12.00 a.m. 

28.5 C 

7 

8 

9 

14 

6 

7 


1 




1507-10 

4/3 

3.00 p.m. 

30.0 C 


2 

4 

2 

3 

9 

9 

7 

6 

4 

4 

1507-10 

4/4 

3.00 a.m. 

15.0 C 






1 

1 

3 

2 

4 

7 


2, Repetitions of the original cross involving dif- tillers were fixed at intervals throughout the day. 
ferent individuals failed to repeat the same segrega- The temperature at the time of fixation was re- 
tion. There appears to be no way of deciding how corded. The results of this study are shown in table 


and when the mutation came about since the plants 
used in the original cross were lost. 

Instability of the manifestation of the de- 
synaptic gene. — Variation within a single day . — 
The manifestation of this mutant gene appears to 
vary greatly from cell to cell and from plant to 
plant. The number of bivalents per cell ranges from 
zero to twenty-one. Studies were made therefore 
during 1942 and 1943 to find the factor or factors 
responsible for this variation. The first series of 
experiments was conducted in 1942. It was designed 
to determine the effect of temperature on the varia- 
bility within a single day. Three desynaptic plants 
in Fg were chosen at random and the spikes on the 


3 and text-figures 1, 2 , and 3. 

It can be seen that the mean bivalent frequency 
of the first two plants used in this experiment, 
1485-9 and 1491—1 varies more or less directly with 
the temperature. This was particularly true with 
plant 1491-1 with fixations from 6 a.m. to 6 p.m. 
But the two curves as seen in text-figure 2 split fur- 
ther apart from 6 p.m. on. The reason for this split 
is not clear. With plant 1485—9, the two curves ran 
almost parallel to each other from 2 p.m. on to 10 
p.m. But the two curves diverged after that time. 
It seems, therefore, that when the temperature is 
low, the bivalent frequency is the lowest, the fullest 
manifestation of desynapsis. The bivalent frequency 


Table 4. Variation of bivalent 


Plant 

number 

Date of 
fixation 

Max. 

Temperature 

Min. Average 

0 

1 

2 

3' 

Frequency distribution 

4 5 6 7 

1509-9 

3/5 

18.8 

8.4 

10.0 

15 

14 

12 

3 

1 

1 



1509-9 

3/11 

18.0 

12.0 

14.2 

9 

14 

13 

11 

2 

1 



1509-9 

3/16 

20.5 

11.7 

14.7 



1 

5 

5 

8 

11 

15 

1509-9 

3/21 

16.5 

12.2 

13.2 









1509-9 

3/26 

26.0 

12.0 

18.2 







1 


1514-17 

3/10 

19.5 

10.0 

14.7 

41 

23 

14 


1 




1514-17 

3/16 

20.5 

11.7 

14.7 



1 


6 

10 

4 

9 

1514-17 

3/21 

16.5 

12.2 

13.2 









1514-3 

3/14 

21.5 

8.0 

13.4 









1514-3 

3/21 

16.5 

12.2 

13.2 









1514-3 

3/26 

26.0 

12.0 

18.2 









1514-3 

3/31 

25.5 

7.2 

15.9 










Feb., 1945] 


LI, PAO, AND LI DESYNAPSIS IN THE COMMON WHEAT 


97 


material fixed at diff erent times of the day. 


with stated number of bivalents 

11 12 13 14 15 

16 

17 

18 

19 

20 

21 

22 

Total number of 
cells counted 

Mean of 
bivalents 



1 

6 

5 

8 

13 

7 

10 




51 

16.6 

1 

4 

4 

7 

12 

20 

21 

18 

10 

3 



102 

16.2 

1 

4 

2 

8 

11 

14 

7 

17 

12 

4 



81 

16.4 

2 

5 

7 

12 

15 

14 

8 

2 





68 

14.5 

9 

7 

7 

6 

5 

2 

1 






77 

10.5 

2 

5 

4 

4 

1 

3 







22 

12.2 

4 

3 

3 

3 

6 

1 







70 

8.1 

2 

4 

1 

4 


1 

2 






42 

8.1 

7 

2 

3 

2 

1 


1 






58 

8.0 

1 

1 


1 


1 

1 


4 

5 

2 

1 

61 

9.2 

2 

2 

1 

2 

2 

1 



1 

1 

1 


16 

13.9 




, , 


1 

1 

4 

6 

14 

10 

6 

42 

20.0 








1 

5 

14 

19 

21 

60 

20.9 








2 

1 

2 

5 

5 

18 

17.4 



1 

1 




1 

3 

10 

26 

14 

56 

18.7 







1 

1 

5 

11 

9 

9 

36 

20.5 







1 


2 

1 

1 

3 

8 

20.3 

5 

1 

1 

1 









47 

7.1 













52 

2.2 













52 

2.6 

3 

1 

1 

0 

1 

3 

1 

2 

1 

3 

1 


67 

8.6 

2' 

3 

1 

2 

1 








27 

9.9 


increases when the temperature rises and it ap- 
proaches its highest level, yielding almost complete 
pairing, when the temperature gets above a certain 
level. This suggests, of course, that this desynapsis 
gene is stable in manifestation only during a period 
of relatively low temperature. It reverts to normal 
behavior at a higher temperature. On the other 
hand, plant 1507-10 had rather constant bivalent 
frequencies in spite of the temperature variation. 
Since it did not respond to variation in temperature 
as did the other two plants, it might be concluded 
that a modifying gene or genes might have been 
present for its control. This possibility will be in- 
vestigated in later experiments. 

Variation from day to day. — 1 Another series of 
experiments was undertaken to determine the varia- 
tion in bivalent frequency from day to day. In 1942, 


three desynaptic plants were chosen at random. 
Spikes of the tillers of these plants were fixed on 
various days, each fixation being made at 2 pan. 
Temperature records on the day of fixation were 
obtained from a meteorological station about a mile 
from the experimental field. Unfortunately, only 
maximum, minimum and the average temperatures 
were available. These results are shown in table 4 
and text-figures 4, 5, and 6. In the text-figures only 
the minimum temperature is shown. 

It can be seen again that the bivalent frequency of 
the first two plants used in this experiment, 1509-9 
and 1514-17, was rather low in the beginning of the 
experiment and rose quite high toward the end. Pre- 
sumably, this variation is in accord with the varia- 
tion in temperature judging from the temperature 
records, particularly the minimum temperatures. 


frequency from day to day. 


of cells with stated number of bivalents Total number of Mean of 


8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

cells counted 

bivalents 















46 

1.2 













... 


50 

1.7 

10 

10 

9 

8 

6 

1 

2 



■ » . 





91 

7.8 










3 

3 

18 

16 

7 

47 

19,5 








1 

2 

1 

5 

8 

9 

10 

37 

18.8 













* * 


79 

0.7 

6 

2 

3 


1 

5 

3 

2 

3 






55 

8.3 












6 

45 

51 

102 

20.4 




1 

3 

3 

10 

00 

H 

16 

20 

33 

13 

9 

1 

127 

16.8 












11 

48 

58 

117 

20.4 










1 

3 

7 

30 

21 

62 

20.1 







* V 




.. 


4 

3 

7 

20.4 
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Table 5. Variation of bivalent 


Plant 

number 

Date and time 
of fixation 

Max. 

Temperature C. 

Min. Average 

0 

1 

2 

3 

Frequency distribution 

4 5 6*7 

1703-1 

3/24 



21.2 

11.1 

13.6 


2 

2 


1 


2 

1 

1703-1 

4/8 

8.30 

a.m. 

17.3 

0.0 

8.6 

12 

5 

8 

5 

7 

4 

1703-1 

4/8 

10.10 

a.m. 

17.3 

0.0 

8.6 

27 

22 

16 

10 

7 

2 

3 

1 

1703-1 

4/8 

1.30 

p.m. 

17.3 

0.0 

8.6 

23 

26 

15 

6 

10 


1 


1703-1 

4/10 

7.30 

a.m. 

20.9 

8.3 

14.3 

7 

19 

14 

19 

3 

2 


1704-1 

3/24 



21.2 

11.1 

13.0 



24 

20 

16 


2 


1704-1 

4/8 

10.10 

a.m. 

17.3 

0.0 

8.6 

9 

16 

3 

1 

1704-1 

4/8 

4.00 

p.m. 

17.3 

0.0 

8.6 


10 

20 

18 

11 

22 

13 

3 

1704-1 

4/9 

6.30 

a.m. 

15.9 

7.8 

11.4 





2 

1 

1 


1704-1 

4/9 

6.30 

p.m. 

15.9 

7.8 

11.4 

14 

4 

15 

12 

3 

1 

1 


1705-2 

4/1 



18.0 

12.3 

13.9 

6 

8 

3 

1 





1705-2 

4/8 

10.10 

a.m. 

17.3 

0.0 

8.6 

16 

23 

24 

15 

11 

10 

6 

4 

1705-2 

4/8 

1.30 

p.m. 

17.3 

0.0 

8.6 

25 

30 

12 

16 

9 

3 


1 

1705-2 

4/8 

8.30 

p.m. 

17.3 

0.0 

8.6 

21 

21 

23 

17 

11 

2 

1 

2 

1705-2 

4/9 

12.00 

a.m. 

15.9 

7.8 

11.4 

25 

22 

20 

8 

3 

1 



1705-2 

4/10 

7.30 

a.m. 

20.9 

8.3 

14.3 



2 

2 

2 


1 

1 

1705-2 

4/11 

7.30 

a.m. 

24.2 

12.2 

17.3 

22 

23 

25 

13 

6 




1705-2 

4/11 

1.00 

p.m. 

24.2 

12.2 

17.3 

4 

25 

21 

21 

8 

5 

4 


1705-2 

4/12 

10.45 

a.m. 

25.5 

10.4 

17.4 

24 

16 

12 

7 

3 

1 



1705-2 

4/12 

6.30 

p.m. 

25.5 

10.4 

17.4 

1 

10 

16 

14 

10 

4 

3 


1695-2 

4/8 

10.10 

a.m. 

17.3 

0.0 

8.6 


2 

2 

1 

1 

'2 

3 

2 

1695-2 

4/8 

11.40 

a.m. 

17.3 

0.0 

8.6 

' 7 

2 

4 

4 

6 

6 

6 

6 

1695-2 

4/8 

4.00 

p.m. 

17.3 

0.0 

8.6 


4 

5 

3 

8 

11 

4 

8 

1695-2 

4/9 

6.30 

a.m. 

15.9 

7.8 

11.4 

1 

1 

2 

3 

2 

6 

3 

1 

1695-2 

4/9 

6.30 

p.m. 

15.9 

7.8 

11.4 

8 

2 

1 

4 

7 

3 

2 

6 

1695-2 

4/10 

2.45 

p.m. 

20.9 

8.3 

14.3 

1 

2 

2 


1 

4 

4 

7 

1695-2 

4/11 

1.00 

p.m. 

24.2 

12 2 

17.3 







2 

4 

1695-2 

4/12 

10.45 

a.m. 

25.5 

10.4 

17.4 

1 

1 

3 

4 

4 

4 

2 

3 


However, there are two difficulties that prevent one 
from drawing any definite conclusions : 

1 . As mentioned above, the desynapsis of the 
chromosomes takes place during pachytene to diplo- 
tene. It is not fully known as yet how long it takes 
the chromosomes to reach metaphase, at which stage 
the bivalent frequencies are observed. 

2 . Furthermore, the temperatures for the days 
during the experiment were not recorded. It is not 
safe, therefore, to draw any definite conclusion re- 
garding how and when the reversion of desynapsis 
to normal was induced by the change in temperature. 
Yet, it appears safe to conclude that the variation in 
the bivalent frequencies in these two plants cor- 
relates well with the change in temperature in a 
general way. 

On the other hand, plant 1514-8 continued to 
have a high mean bivalent frequency in spite of 
change in temperature. Here, modifying genes might 
be offered again in explanation. 

In 1948, four desynaptic plants in the F 7 were 
selected at random for a replication of the experi- 
ment done in 1942. It can be noted that the season 
was cooler, so the experiment was started later than 
in the preceding year. On the 8 th of April of this 
year there was a cold wave that greatly damaged 
the wheat crop. The results of the replicated experi- 
ment are shown in table 5. 


Plants 1703-1 and 1704-1 can be considered to- 
gether. The mean bivalent frequencies were high to 
start with at a relatively higher temperature. But as 
the cold wave set in, they dropped down and re- 
mained there even though the temperature was a 
little higher thereafter. It is of interest to note that 
during the cold spell, fixations were made more than 
once on certain dates, yet the mean bivalent fre- 
quencies remained at the lowest level. Plant 1705-2, 
on the other hand, had very low mean bivalent fre- 
quencies in spite of any change in temperature, and 
variation in temperature did not affect 1695-2 which 
showed on all fixation dates medium mean bivalent 
frequencies and a wide range of variability. 

From the results of the above two experiments, 
several possible conclusions can be drawn: 

1 . Some of the plants seem to be affected greatly 
by a change in temperature. The higher the tem- 
perature, the higher the bivalent frequency and vice 
versa. 

2 . Below a certain minimum temperature, possi- 
bly around 10 degrees C., the mean bivalent fre- 
quency of this type of unstable desynaptic plant 
remains at a low level. Any rise of temperature auto- 
matically raises the mean bivalent frequency, until 
finally an almost complete pairing of the chromo- 
somes in nearly all the cells is reached. 

3. Some of the desynaptic plants are quite stable 
in spite of changes in temperature. Their mean biva- 
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frequency on different dates. 


of cells with stated number of bivalents 

8 9 10 11 12 13 14 

15 

16 

17 

18 

19 

20 

21 

Total number of Mean of 
cells counted bivalents 



1 

3 

2 

5 

7 

3 

6 

3 

5 

3 

2 


44 

14.4 

4 

1 

1 

2 

2 

2 

1 

4 

2 

2 

1 




67 

6.4 

3 














91 

1.9 















71 

1.1 

1 














75 

2.4 







1 

1 

3 

5 

7 

17 

23 

9 

66 

19.1 















91 

2.4 

3 





1 









101 

3.9 

1 














5 

5.4 















50 

1.9 















18 

0.9 

1 

1 













111 

2.6 

1 














97 

1.7 















98 

2.0 















79 

1.3 







1 








9 

5.0 

1 














90 

1.6 















88 

2.4 















63 

1.2 















58 

2.8 

2 

2 

3 

5 

5 

6 

6 

4 

6 

4 


1 

2 


59 

11.5 

4 

5 


2 

3 

1 









56 

5.2 

6 

9 

5 

3 

1 


1 


1 






69 

6.5 

1 

1 



■ 2 



1 







24 

5.5 

5 

3 

5 

6 

6 

3 

1 

5 

3 

1 





71 

8.0 

5 

6 

5 

4 

3 

1 

4 

4 

1 

3 





57 

9.2 

2 

4 

4 

3 

1 

1 

1 


1 






23 

9.6 

4 

3 

5 

3 


3 

2 ' 


1 






43 

7.3 


lent frequencies are either high, or very low, or else 
very variable with a mean which is around 1 0 biva- 
lents per cell. 

4. There were altogether ten desynaptic plants 
selected at random for these two experiments: six 
of these were unstable, two had constantly low, one 
had constantly high and one had extremely variable 
bivalent frequencies. Stability in manifestation of 
the desynaptic gene is possibly controlled by modi- 
fying genes and the constancy of the bivalent fre- 
quency is perhaps also controlled by another set of 
genes according to the segregating condition of these 
ten plants. However, as the number of plants used 
is none too great, it is not possible to draw final con- 
clusions at this time. 

Variability in fertility. — It follows from the 
instability of the manifestation of the desynaptic 
gene, that the seed set in the different desynaptic 
plants should vary greatly. Four Fg plants were 
selected at random in 1942 and their tillers were 
marked in the order in which heading occurred. Un- 
fortunately, no exact date was recorded. Presum- 
ably, there was some interval between the heading 
time for the various tillers, since the total interval 
between the heading of the first and last tillers is 
generally about two weeks. The number of seeds per 
spikelet was used as a criterion for the fertility of 
the plant. The results are shown in table 6. 


From table 6, it can be seen that the fertility of 
plant 1510-7 rises from the first tiller onward and 
reaches its maximum on the last tiller. This maxi- 
mum is comparable with that of the normal plant 


Table 6 . Relation between seed-set and sequence of head- 
ing of desynaptic plants. 


Sequence of Seeds per spikelet of different plants 
heading 1510-7 1491-1 1487-3 1482- 


1 

0 

.14 

.84 

1.08 

2 

.40 

.17 

1.43 

1.73 

3 

.22 

.04 

.94 

1.37 

4 

.21 

.10 

1.32 

1.27 

5 

.92 

.06 

1.00 

1.21 

6 

1.31 

0.00 

1.13 

1.14 

7 

1.11 


.72 

1.38 

8 

1.47 


1.00 

1.40 

9 


.35 

.94 

1.34 


(for comparison, seeds per spikelet for Fj of the 
cross Quality and 18—3874, recorded in 1940 range 
from 1.61 to 2.49). The air temperature in the 
spring of 1942, as mentioned earlier, rose gradually 
with the advancement of the season. This, presum- 
ably, influenced the bivalent frequency and conse- 
quently the fertility of the plant as expressed in 
terms of number of seeds per spikelet. This is in 
accord with the former finding. 
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Table 7. Seasonal variation in the fertility of desynaptic plants. 


Date 

.1 

.3 

Seeds per spikelet- 
.5 .7 .9 

-class value 

1.1 1.3 

1.5 

1.7 

1.9 

Total 

Mean 

fertility 

Mean 

temperature 

-3/10 

23 

6 

4 

1 



2 

1 

1 


38 

0.33 

12.5°C. 

3/11-3/15 

28 

8 

7 

5 

2 

2 

3 


1 


50 

0.42 

13.6 °C. 

3/16-3/20 

18 

10 

17 

6 

5 

5 


1 



62 

0.47 

15.9°C. 

3/21-3/25 

11 

8 

5 

2 

6 

1 

3 

2- : 

2 

2 

42 

0.67 

16.1°C. 

3/26- 





1 


2 




3 

1.17 

17.1°C. 

Total 

74 

32 

33 

14 

14 

8 

10 

4 

4 

2 

195 

0.48 



On the other hand, plant .1491-1 had a uniformly 
low seed set for all the tillers, plant 1487-3 had 
medium seed set, while plant 1482-6 had a rather 
high seed set for all tillers. These three plants were 
rather stable, therefore, and indifferent to change 
in temperature. Possibly, the amount of seed set may 
be correlated with the mean bivalent frequency. 
Should this be true, there would again be three dis- 
tinct stable types of desynaptic plants which are not 
affected by the variation in temperature. 

Variability in fertility of F 6 desynaptic plants 
can be seen again in the 1942 planting, as indicated 
by the number of seeds per spikelet in plants matur- 
ing at different times of the year. This is shown in 
table 7. 

It can be seen from table 7 that the fertility of 
desynaptic plants varies tremendously. The ma j or- 
ity of them are quite infertile, but some do have as 
high a fertility as normal plants. There seems to be 
a change from less fertile to more fertile plants as 
the season gets warmer. 

The fertility of the desynaptic plants is directly 
compared with that of sister normal plants of the 
second generation in table 8. 


Progeny of the desynaptic plants. — From the 
extreme irregularity of their meiotic behavior, it 
can be predicted that the chromosome number of the 
progeny of desynaptic plants would vary. This was 
found to be the case. 

None of the 95 plants examined was found to have 
a chromosome number which was less than 42, indi- 
cating the non-viability of the n-1 gametes. The 
majority of the plants had the regular number of 
chromosomes, 42. Some, however, did have a higher 
number. Whether these n plus x gametes are trans- 
mitted through pollen or ovule, or both, has not been 
determined. The presence of the extra chromosomes 
should result in multivalent formation. Figure 8 
shows the chromosome configurations in the plant 
with 50 chromosomes ; a tetravalent, and two triva- 
lents are present besides the regular bivalents. Fig- 
ure 9 shows trivalents and tetravalent in the meta- 
phase of other 2n plus x plants. No attempts have 
yet been made to study the progeny of extra-chromo- 
some plants. 

Discussion. — Up to 1940 there has accumulated 
a voluminous literature on asynapsis in many genera, 
including Zea (Beadle, 1933), Rumex (Yamamoto, 


Table 8. Comparison of the fertility of normal and desynaptic plants of F 2 . 


Class value 

.1 

.3 

.5 

.7 

.9 

1.1 

1.3 

1.5 

1.7 

1.9 

2.1 

2.3 

2.5 

2.7 

2.9 

3.1 

Total 

Mean 

Desynaptic 

90 

16 

12 

5 

6 

3 

1 

2 

4 

1 


1 





141 

0.33 

Normal 

40 

9 

13 

15 

18 

18 

24 

22 

37 

29 

38 

29 

45 

24 

24 

19 

404 

1.72 

Total 

130 

25 

25 

20 

24 

21 

25 

24 

41 

30 

38 

30 

45 

24 

24 

19 

545 

1.36 


The extreme variation in the fertility of normal 
plants in the second generation of the cross of the 
desynaptic plant and one of the original can be 
logically explained by the damage done by the late 
frost of 1943 as mentioned before. Nevertheless its 
mean is still much higher than that of the desynaptic 
plants, the difference being 1.39 seeds per spikelet. 
In the desynaptic plants, there is still a wide varia- 
tion and the frequencies in each class are directly 
comparable with the results obtained in the previous 
year as shown in table 7 in spite of the frost damage. 
Unfortunately, individual desynaptic plants were 
not studied in detail, so that the mode of segrega- 
tion of the modifying genes can not be analyzed 
from the data so presented. 


Table 9. Chromosome numbers of the progeny of the 
desynaptic plants. 


Chromosome number 

Frequency 

: 42" ' 

78 

43 

3 

44 

6 

45 

5 

46 

0 

47 

1 

48 

1 

49 

0 

50 

1 

Total 

95 
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1934), Datura (Bergner, Cartledge, and Blakeslee, 
1934), Crepis (Richardson, 1935), Pisum (Koller, 
1938), Nicotiana (Goodspeed and Avery, 1939), 
Oenothera (Catcheside, 1939), and Allium (Levan, 
1940). In wheat, the only work on asynapsis that 
has been noted is that of Huskins and Hearne 
(1933). Asynapsis has been shown to be due to a 
simple Mendelian recessive in all cases where suffi- 
cient genetical work has been done, as in Zea , 
Datura , Nicotiana , and Oenothera . These genetical- 
ly controlled failures of metaphase pairing seem to 
be characterized by (1) fairly complete zygotene 
and pachytene pairing of chromosomes, (2) gradual 
falling apart of the chromosome at diplotene, (3) 
reduced chiasma frequency and reduced contraction 
of the chromosomes, finally resulting in, (4) reduced 
bivalent frequency which is subjected to local varia- 
tion leading to abnormal separation of the chromo- 
somes and to irregular formation of gametes with 
variable fertility. This is true in the case of wheat 


It seems that in wheat there are modifying genes 
that control the degree of manifestation of the de- 
synaptic gene on the one hand, and constancy of the 
bivalent frequency is controlled by another set of 
modifying genes on the other. This complicates the 
situation. Unfortunately, the number of desynaptic 
plants used is not large enough to draw a final 
conclusion. 

As expected from their different manifestation of 
the univalent frequency and their susceptibility to 
change of temperature, desynaptic plants fall into 
three classes in respect to fertility, namely, those 
with constantly low, those with constantly high 
fertility, and those which show variability as be- 
tween different spikes of the same plant. 

SUMMARY 

L Meiosis in desynaptic plants which arose fol- 
lowing a varietal cross is described in detail. 


in all the essentials. Since synapsis does take place 
in early prophase in all these genetically controlled 
cases of failure of metaphase pairing and the falling 
apart of the chromosomes takes place between 
pachytene and diplotene, it is considered that the 
term desynapsis describes these cases more accu- 
rately than the term asynapsis, which should be used 
only for those cases in which synapsis is absent dur- 
ing the first meiotic mitosis as originally defined by 
Randolph (1928). Thus, desynapsis is used through- 
out this paper. 

It seems that the stability of the gene that causes 
the chromosomes to fall apart in the case of wheat 
depends on the environment to which the plants are 
subjected, particularly the variation in temperature. 
This gene is most effective when the temperature is 
the lowest, possibly below 10 degrees Centigrade. 
Only under conditions like this is the process of 
desynapsis complete. With the rise of temperature, 
this falling apart of the chromosome stops in some, 
till finally an optimum temperature is reached, then 
the genetically desynaptic plant will revert to com- 
plete pairing for all the chromosomes. This would 
mean, of course, that the higher temperatures over- 
power the effect of the desynaptic gene and keep the 
paired chromosomes from falling apart. 


2. Synapsis occurs in an apparently normal 
fashion in all of the plants. In some of the desyn- 
aptic plants the chromosomes fall apart in pachy- 
tene; in other plants they fall apart in diplotene. 

3. Chiasmata in the desynaptic plants are mostly 
terminal at metaphase ; rarely some are interstitial. 
Sometimes, the bivalents are unequal, suggesting 
the pairing of chromosomes not completely ho- 
mologous. 

4. Desynapsis is a simple Mendelian recessive 
character and its gene is designated by the symbol 
ds. It evidently arose as a spontaneous mutation 
after the original varietal cross. 

5. There are stable and unstable types of de- 
synapsis which are possibly controlled by modify- 
ing genes. 

6. The mean bivalent frequency of the unstable 
type of desynaptic plants may show variation in 
relation to temperature. 

7. The fertility of desynaptic plants is signifi- 
cantly lower than that of normal plants, but it 
shows considerable variation. 

Rice and Wheat Improvement Institute, 

Chengtu, Szechuan, 

China 
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STUDIES ON COLCHICINE-INDUCED AUTOTETRAPLOID BARLEY. I AND II. 
CYTOLOGICAL AND MORPHOLOGICAL OBSERVATIONS 1 

Shao-lin Chen, Shu-min Shen, and P. S. Tang 


The occurrence of polyploid plants in nature 
has been known for a long time, and their artificial 
induction by the use of physical and chemical 
agents has been an accomplished fact since the be- 
ginning of this century (see anonymous: The Ex- 
perimental Production of Haploids and Polyploids, 
1936). With the discovery by Blakeslee and others 
that polyploid plants may be induced almost at will 
by the use of colchicine, the problem of polyploidy 
in plants has aroused renewed interest not only 
from the standpoint of the study of chromosome 
mechanisms and their significance in evolution, but 
also from the practical standpoint of plant breed- 
ing. The literature pertaining to the theoretical 
aspects of polyploidy in plants has been summa- 
rized by Mlintzing (1936), Darlington (1937), 
Stebbins (1940), Blakeslee (1941), and others. As 
to the practical aspect of the problem, the situa- 
tion is not yet wholly clear. While some consider 
that the artificial induction of polyploidy in plants 
may lead to many practical results in plant breed- 
ing and plant synthesis (Blakeslee, 1941; Ran- 
dolph, 1941), others (Emsweller and Ruttle, 1941) 
are rather skeptical regarding this aspect of the 
problem. In any event, it may be said that up to the 
present, no results of major importance have been 
obtained in the field of plant breeding as a result of 
the induction of polyploidy by colchicine or other 
physical and chemical agents. This situation may 
be due to the fact that there has not been sufficient 
time since the discovery of the action of colchicine 
in 1937 to allow for the establishment of economi- 
♦ cally important polyploid plants by this means. 

The present series of papers gives the results of 
the observations made on several strains of barley 
isolated from polyploid plants which were induced 
by the action of colchicine in our laboratory in the 
winter of 1939-1940 by Tang and Loo (1940), and 
which have been maintained to the present. The 
results of the observations made on their cytologi- 
cal and morphological characteristics are reported 
here. 

Cytological observations. — Material and meth- 
ods . — Barley seeds of a pure 6-rowed strain ob- 
tained from the Division of Plant Pathology of this 
university were used in these experiments. The 
seeds were soaked in water over night from Novem- 
ber 15 to 16, 1939 (by S. W. Loo). After soaking, 
the* seeds were transferred to a solution of 0.05 per 
cent colchicine for 48 hours at the end of which 
they were planted in garden soil in wooden boxes 

1 Received for publication September 14, 1944. 

Manuscript received through the Department of State, 
Washington, D. C., and published under a special ruling 
of the Editorial Board. 


25 X 30 cm. and 10 cm. deep. Similar boxes con- 
taining untreated seeds were placed alongside as 
controls. In the earlier experiments, root tips of 
both the treated and untreated plants were fixed at 
the time of planting with Nawaschin’s solution, 
stained with gentian violet, and their chromosome 
numbers were counted. This method was found to 
be too laborious, and in subsequent seasons pollen 
mother cells were examined by the use of McClin- 
lock’s acetocarmine smear method instead of the 
paraffin section technique. 

Results . — Out of 149 lines of 4n offspring ex- 
amined, one line was found to produce both haploid 
and diploid gametes within the same anther. Seven 
lines reverted to diploids (fig. 1) in so far as their 
chromosome numbers were concerned but differed 
from ordinary diploids in possessing a lowered fer- 
tility. In a few lines, pollen mother cells with chro- 
mosome numbers ranging from 24 to 30 were ob- 
served (fig. 2). It is also interesting to note that in 
some lines it was impossible to count the chromo- 
somes since they had lost their identity during 
metaphase and were fused together to form a mass 
of chromatin material (fig. 3). The pollen produced 
in these lines was, as might be expected, abortive. 
Most of the lines examined have been shown to 
possess 28 chromosomes, that is, the autotetraploid 
number, but this does not mean that these lines are 
all stable strains with constant chromosome num- 
bers in their offspring. On the contrary, all kinds of 
irregularities have been observed in these lines: 
multi vale nts, including quadrivalents and trivalents 
of different shape have been found. Only a few of 
the 149 lines have shown regular chromosome divi- 
sion (fig. 4) in which 14 bivalents w r ere formed 
(fig. 5, 6). 

Owing to the formation of rnultivalents, segrega- 
tion was naturally abnormal so that during ana- 
phase unequal numbers of chromosomes pass to the 
two poles, resulting in the formation of abortive 
pollen and polysomic progenies (fig. 7). Micro- 
spores possessing 12 to 16 chromosomes were not 
uncommon, and laggards were also observed (fig. 
8), but polyspory has not been noticed so far. The 
amount of sterility in the different lines was cor- 
related with the formation of rnultivalents and other 
irregularities during meiosis. The fertility of a 
great majority of 4n plants was much lower than 
that of the diploids. Only in those lines in which 
14 bivalents were formed in the metaphase was a 
degree of fertility comparable to that of the di- 
ploids found (fig. 9). 

The 4n plants examined may be classified into 
the following groups: Group (1). Synapsis ex- 
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Fig. 1-9. — Fig. 1. Pollen mother cell of normal diploid plant; seven gemini are clearly shown during diakinesis. — 
Fig. 2. Pollen mother cell of an unstable tetraploid strain where variable chromosome number is found; 15 chromo- 
somes at the second metaphase are shown in this figure. — Fig. 3. Pollen mother cell of an extremely abnormal strain 
where no chromosome identity can be recognized but a mass of chromatin material. — Fig. 4. Anaphase of a tetra- 
ploid strain showing normal segregation of chromosomes. — Fig. 5. Side view of the first metaphase of a tetraploid 
strain showing 14„. Fig. 6. Pollen mother cell in diakinesis stage of a tetraploid strain showing 14 gemini. — Fig. 7. 
Anaphase of a tetraploid strain showing unequal segregation of chromosomes, with 15 to one side and 13 to the 
other. — Fig. 8. Anaphase of a tetraploid strain showing a laggard. — Fig. 9. A comparison of the spikes and seeds 
of tetraploids (left) and diploids (right). 


tremely abnormal; the chromosomes could not be 
identified, being fused together into a mass of chro- 
matin material. The pollen grains were all abor- 
tive, resulting in a high degree of sterility. Group 
(2). Both haploid and diploid gametes were formed 
within the same anther; offspring were all fertile, 
with type of head reverting to the diploid form. 
Practically no distinction could be made between 
the control and the offspring of this type except 
that more sterile spikelets were found in the latter. 
It is interesting to point out that since both hap- 
loid and diploid gametes were formed in the mother 
plants, there was every reason to expect the occur- 
rence of diploid, triploid, as well as tetraploid seeds 
among their progenies, but we have failed to find 
polyploid seeds in their offspring so far. Group (3). 
Chromosome number was not constant, ranging 
from 24 to 30. The progenies of this group were 
highly sterile. Polysomic plants were found in this 
group. Group (4). The plants in this group were 
all autotetraploids, and multivalents were formed 
during meiotic metaphase. The segregation of the 
chromosomes during anaphase was abnormal, re- 


sulting in the formation of gametes with different 
chromosome numbers. Group (5). Autotetraploid 
plants with 14 bivalents formed in the meiotic meta- 
phase. Offspring all showed the usual external fea- 
tures of tetraploids. Fertility of these plants, al- 
though lower than in the control diploids, was 
rather high in comparison with tetraploid plants of 
the other group. It is hoped that some stable tetra- 
ploid strains may be isolated from the offspring of 
this type. 

Morphological observations. — As has been 
pointed out by various earlier workers, polyploid 
plants may be easily distinguished from the normal 
diploids in possessing the following characteristics: 
larger stomata, greener and broader leaves, heavier 
seeds, slower rate of growth and sturdier form, etc. 
The leaves of the tetraploid barley in our case, were 
larger and greener than in the diploid plants, and 
the stomata were larger in size. The seeds of the 4n 
plants were heavier, ranging from 0.04 to 0.05 gm. 
per seed while those of the diploids weighed ap- 
proximately 0.03 gm. The tetraploid plants germi- 
nated and headed more slowly than the diploids, 
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Table 1. Test of significance of difference between means of some characters of agronomic interest in diploid and 

autotetraploid barley , 


Characters 

M g, ± S.D. 


Man ± S.D. 

nan 

d 

cr.l 

t, 

D.F. 

1% level 
of t 

Number of tillers 

7.84 ± 4.23 

31 

7.47 ± 2.44 

27 

0.35 

0.868 

0.40 

56 

2.660 

Length of stem (cm.) .... 

57.32 ± 8.75 

31 

87.03 ±15.19 

27 

29.70 

3.270 

9.08 a 

56 

2.660 

Diameter of stem (mm.) 

6.37 ± 1.39 

31 

4.47 ± 1.04 

27 

1.90 

0.318 

5.97 a 

56 

2.660 

Length of spike (cm.) . . . 

4.57 ± 1.36 

123 

4.76 ± 1.02 

166 

0.18 

0.146 

1.23 

287 

2.576 

Width of spike (cm.) 

1.46 ± 0.42 

123 

1.46 ± 0.19 

166 

0.003 

0.042 

0.07 

287 

2.576 

Fertility (%) 

43.67 ±14.75 

162 

85.29 ± 5.42 

62 

41.62 

5.680 

7.33 a 

222 

2.576 


a Difference significant. 


and hence matured later. When sown at the same 
time,, the 4n seeds usually germinated two to three 
days later than the diploid seeds* and the plants 
headed two weeks later (about March 24 for the 
diploids and April 4 for the tetraploids). The tetra- 
ploids matured one week later than the diploids 
(about April 30 and 23, respectively). 

Special attention has been paid to certain char- 
acteristics of agronomic importance in the tetra- 
ploids and diploids* and the data are statistically 
summarized in table 1. 

From this table it is seen that no difference ex- 
isted between the tetraploids and diploids in the 
number of tillers formed* though many of the tillers 
failed to produce fertile heads in some tetraploids. 
The stems of the tetraploids were thicker and 
stouter than those of the diploids* but shorter. 
From the average figures given in the table, no dif- 
ference seems to have existed between the tetra- 
ploid and diploid plants* in size of the spikes. This 
does not* however* represent the true situation. As 
a matter of fact* the spikes of the tetraploid plants 
reached in some cases a length of 8 cm. and a 
width of 1.9 cm.* dimensions much larger than those 
of the spikes of the diploid plants; on the other 
hand* many tetraploid spikes were sterile* and these 
were much smaller in size. By averaging the large* 
fertile spikes with the small* sterile spikes of the 
tetraploids* the differences between the tetraploid 
and diploid spikes disappear. Actually* if only the 
fertile spikes of the tetraploids are considered* the 
situation is quite different* and there appears little 
doubt that the spikes of the tetraploid plants* w r hen 
fertile, were much larger than those of the diploids. 

As pointed out above, autopolyploids are always 
partially sterile, that is* the ratio of percentage of 
seed set to total number of flowers is much higher 
in the diploids than in the tetraploids. In our case* 
the mean percentage of fertility in the tetraploids 
was only about 44 per cent* with a standard devia- 
tion of 14.75* while the mean fertility of the diploid 
plants was 85 per cent* and the range of variation 
was much smaller. That the fertility of the tetra- 
ploids was more variable and hence the tetraploid 
plants were less homogeneous than the diploids may 
be seen by a comparison of the standard deviations 
of the two series* and by a test for the significance 
of the difference. 


cl = 14.75 — 5.42 = 9.33. 

(14.75)2 (5.42)2 

1 = .954. 

2 X 162 2 X 62 

t = 9.33 / .954 = 9.78. 

The value of t in this case turns out to be much 
larger than the 1 per cent value of t, hence the dif- 
ference is significant* that is, the tetraploids were 
more variable and therefore less homogeneous than 
the diploids. From this more or less heterogeneous 
population it is quite likely that some fertile strains 
may be isolated which may be comparable with* if 
not higher than* the diploids in fertility. 

Discussion. — It may be seen from these cyto- 
logical and morphological observations that the 
characteristics of polyploid barley conform to those 
of other polyploids obtained by other workers. Ex- 
amination of the meiotic chromosomes in these auto- 
tetraploid plants revealed five different groups of 
plants from the standpoint of chromosome behavior. 
In one of these groups haploid and diploid gametes 
were found within the same anther. As a result of 
this phenomenon we might expect to find the occur- 
rence of diploid* triploid and tetraploid seeds among 
the progenies* but actually only the diploid forms 
were found. It is possible that here certation played 
an important role* rendering the diploid pollen 
grains less effective than the haploid pollen so that 
only diploid progenies resulted in the offspring. 
Certation cannot be the sole cause of the total 
absence of polyploid offspring* however. If eggs 
containing 2n chromosome number are fertilized by 
haploid pollen* triploids should still occur. But in 
this case* two other factors should be considered: 
the ability of the diploid eggs to function during 
fertilization* and the probability of the formation 
of triploid progenies. Further observations on this 
matter may throw some light. on this problem. 

The tetraploid barley plants which we obtained* 
if fertile* possessed larger spikes and sturdier form 
than the diploids. Whether these plants may prove 
to he of economic value still remains to be seen. 

. SUMMARY 

Autotetraploid barley plants have been induced 
in our laboratory by the use of colchicine and these 
plants have been maintained since 1939. 
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those of the other workers on other polyploid 
plants. 

The fertility of the In plants as a whole was 
lower than that of the diploids. 

Physiological Laboratory, 

Tsing Hu a University, 

Kunming, China 
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GROWTH STIMULATION BY MANGANESE SULPHATE, INDOLE-3-ACETIC 
ACID, AND COLCHICINE IN THE SEED GERMINATION AND EARLY 
GROWTH OF SEVERAL CULTIVATED PLANTS 1 

Tsung-Le Loo and Yu-Wei Tang 

In a previous paper, one of the writers (Loo, Methods. — Seeds were soaked in tap water f.or 

1942) reported the effect of manganese sulphate, one hour, sterilized with 3 percent formalin for ten 
indole-3-acetic acid and colchicine on the germina- minutes, and after washing twice with sterilized 
tion and early growth of rice plants. In a concern- distilled water, were put into sterilized Petri dishes 
tration of 1 to 50 mg./later, manganese sulphate (9 X 15 cm.), each containing, as a rule, 113 grains 
increased the percentage of germination, the elonga- (in the case of maize, each Petri dish containing 33 
tion of shoot and root especially, and also, the grains) for germination in 5 cc. of either redis- 
amount of dry substance. Seeds of rice in colchicine tilled water or aqueous solutions of manganese sul- 
solution also germinated normally and rapidly, and phate, indole-3-acetic acid or colchicine. All experi- 
the seedlings grew better than, or at least as well ments were conducted in triplicate and every ex- 
as, those in the control. On the contrary, the effect periment was repeated three times. Manganese sul- 
of indole-3~acetic acid was not very favorable. Rice phate was a guaranteed reagent from E. Merck, 
seedlings grown in it showed a root which was thick Germany, and the indole-3-acetic acid and colchi- 
and short with a tumor-like swelling at the tip. A cine were obtained from the Mallinckrodt Chemical 
low concentration of indole-3-acetic acid (1 mg./- Works, U.S.A. The redistilled water used as the 
liter) stimulated the rate of germination a little, control and as the solvent in the solutions was spe- 
but a high concentration (50 mg./liter) was defi- dally prepared in this laboratory. Germination was 
nitely growth-inhibiting. The length and the dry carried out in an incubator in the dark, 
weight of the seedlings grown in this acid were also After the frequency of germination was observed, 
inferior to those grown in redistilled water and in 100 seedlings (in the case of maize, 50) out of the 
solutions of manganese sulphate and colchicine, triplicated Petri dishes were selected from each test 
Thus the superiority of manganese sulphate over solution and transferred into a tall glass vessel 
indole-3-acetic acid for the rice plant would appear (7 X 12 cm.) or a porcelain cup (8 X 9 cm.) con- 
10 be established. However, since the concentra- taining 15 cc. of fresh test solution for further ob- 
tions used in the above-mentioned experiments were servation. These vessels were also placed in the 
1 to 50 mg./liter, it seemed desirable to confirm the incubator. 

facts in a wider range of concentrations and with In the case of experiments dealing with the after- 
materials other than rice plants. With this in mind, effect of the test solutions, the soaked and sterilized 
the writers conducted a series of experiments with grains were immersed in 10 cc. of the test solutions 
mungo bean, maize, and cabbage as test materials, of varied concentration each for a period of time, 
together with a study of the after-effect of soaking They were rinsed with redistilled water and were 
of the seeds in these solutions on the subsequent then transferred into the sterilized Petri dishes con- 
development of the embryo. The results of these taining 10 cc. of redistilled water for germination, 
experiments are described below. Early growth of the seedlings thus germinated was 

1 Received for publication September 28, 1944. also observed by the method described above. At the 


Cytological observations made on these tetraploid 
plants revealed various irregularities in chromo- 
some configuration, but in a few lines regular biva- 
lents were formed from which stable strains may 
be isolated in the future. 

Morphological characters of agronomic interest 
are statistically treated and the findings agree with 
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end of the experiment, the length and dry weight of 
the seedlings were determined and taken as criteria 
of the early growth. 

Experimental results. — The effect of manga- 


nese sulphate, indole-3 -acetic acid and colchicine on 
seed germination and early growth. — The results 
of experiments with mungo bean,, maize and cab- 
bage are combined in table 1. 


Table 1 . Effect of manganese sulphate ( MnSO 4 ), indole-3-acetic acid ( 1AA ) and colchicine (Col.) solutions upon the 
germination and early growth of mungo bean , maize, and cabbage. Control with redistilled water (H 2 0). Root 
and shoot data are means of 100 seedlings (SO for maize). Germination counts made after the following periods 
(hrs.) in the order of cone, as listed: mungo, 19, 8, 8, 7; maize, 34, 35, 40, 32, cabbage, 18, 18, 19, 19. Measurement 
of length and dry weight made for mungo after 4 days for 10-»M., and 3 days for 10-6-10-8M.; for maize, after 4 
days for 10-2 and 10-3M., 5 days for 10 -4 and 10-&M.; for cabbage, after 4 days for 10-3 and lO^M. and 3 days 
for 10~* and 10-~>M. 


Plant 

Cone. 

M. 

Temp., 

C. 

Solu. Percentage 

used germination 

Length (mm.) of 
root shoot 

D ry w eight ( m g. ) 0 f 
root shoot 

No. 

of 

roots 




H 2 Q 

69 

103 

52 

130 

858 



10-5 

25° 

MnS0 4 

7 0 

102 

57 

128 

841 



Col. 

75 

99 

52 

128 

797 





IAA 

34 

66 

35 

88 

662 





H a O 

4 2 

43 

79 

109 

858 





MnSO.; 

56 

45 

86 

109 

898 



10-0 

25° 

Col. 

55 

38 

78 

97 

762 


Mungo 



IAA 

. . 24 ■ 

' 25 

55 

80 

544 


beans 



IPO 

47 

37 

71 

101 

850 



10-7 

24° 

M 11 SO 4 

63 

42 

79 

122 

864 



Col. 

64 

42 

81 

122 

892 





IAA 

50 

40 

80 

112 

788 





IPO 

37 

42 ■ 

62 

127 

739 



10-8 

24° 

M 11 SO 4 

40 

45 

64 

129 

764 



Col. 

41 

47 

67 

127 

761 





IAA 

37 

42 

65 

123 

746 





IPO 

59 

44 

61 

312 

880 

59 




MnSO.; 

47 

11 

44 

123 

712 

47 


10-2 

21 

Col. 

58 

3 

4 

42 

116 

13 




IAA 

0 

0 

0 

0 

0 

O' 




IPO 

77 

50 

61 

378 

833 

321 



28 °-29° 

M 11 SO 4 

83 

88 

71 

508 

934 

299 


10-3 

Col. 

76 

10 

15 

202 

598 

223 




IAA 

64 

13 

38 

183 

436 

365 

Maize 



IPO 

87 

55 

60 

357 

1032 

338 


10-4 

25° 

MnS0 4 

90 

72 

58 

404 

1014 

329 


Col. 

85 

51 

58 

427 

1028 

336 




IAA 

78 

36 

58 

384 

983 

372 




IPO 

48 

54 

56 

347 

9S8 

332 




MnS0 4 

49 

55 

60 

392 

961 

341 


10-3 

20° 

Col. 

48 

60 

64 

410 

991 

394 




IAA 

44 

34 

50 

315 

829 

377 




H 2 0 

56 

25 

15 

29 

44 




20°~27° 

MnSD 4 

51 

22 

10 

26 

36 



10-3 

Col. 

52 

0 

0 

12 

31 





IAA 

1 

0 

0 

0 

0 





HoO 

64 

13 

6 

16 

34 




26°-2 8° 

MnS0 4 

70 

16 

7 

20 

34 



10 4 

Col. 

72 

13 

5 

13 

38 





IAA 

34 

0 

0 

0 

0 


Cabbage 



IPO 

61 

20 

9 

20 

36 



1 ,0 -3 

m°~2 7° 

MnS0 4 

Col. 

76 

74 

16 

18 

8 

9 

19 

19 

35 

38 





IAA 

77 

20 

9 

21 

33 





H 2 0 

52 

29 

15 

21 

48 



10-3 

22°~23° 

MnS0 4 

Col. 

■ 52 

58 

23 

26 

15 

16 

19 

16 

45 

33 





IAA 

50 

27 

17 

22 

47 
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Mungo bean: Phaseolus Mungo var. radiatus 
Bak. — The concentration of the test solutions used 
in these experiments varied from 10“° to 10" S M. 
In solutions of manganese sulphate and colchicine 
in a concentration of 10" 5 M., the seeds germinated 
rapidly showing somewhat higher percentage ger- 
mination than the control at the end of nineteen 
hours. Seed germination in 10” 5 M. indole-3-acetic 
acid solution on the other hand was only 50 per- 
cent of the control. The early growth of mungo bean 
seedlings was not accelerated in any of the test 
solutions. The concentration of 10~ 5 M. was appar- 
ently too high for mungo bean. 

Manganese sulphate in concentrations of 10~ 6 M. 
and 10~ T M. fairly accelerated the rate of germina- 
tion, the increase in percentage over the control 
being 14* and 16 respectively. The growth of seed- 
lings in three subsequent days was also slightly 
superior to that of the control. Almost the same 
conclusions may be drawn for plants grown in col- 
chicine, although in 10~ (J M. colchicine the length 
and the dry weight of seedlings were only equal to, 
or a little less than, those of the control. The rate 
of germination and early growth of mungo bean 
was retarded by 10“ C M. indole-3-acetic acid, but a 
10" T M. solution of this acid accelerated germina- 
tion and growth of the root. Perhaps 10~ 7 M. was 
the optimal concentration for mungo bean. Further 
dilution diminished the effect of these test solu- 
tions; percentage of germination, length and dry 
weight of the seedlings grown in these solutions 
became nearly equal to those of the control. 

Maize: Zea Mays L. — The concentration of the 
test solutions used in these experiments was varied 
from 10~ 2 M. to 10” 5 M. Manganese sulphate, in- 
dole-3-acetic acid and colchicine in such a high 
concentration as 10” 2 M. exerted no good effect on 
germination and early growth of the maize plant, 
especially indole-3-acetic acid, in which no seed 
germinated during the experiment. Even manganese 
sulphate delayed the germination and the subse- 
quent development to some extent. It is interesting 
to note that such a high concentration of colchi- 
cine, a toxic alkaloid, did not inhibit germination 
appreciably. The percentage of germination of 
seed soaked in this solution at the end of thirty-four 
hours was as great as that of the control, though the 
growth of the seedlings was inhibited. Manganese 
sulphate in a concentration of i"0” 3 M. had quite a 
beneficial effect on the early growth of the plant, 
although in this solution only an insignificant in- 
crease in percentage of germination occurred, the 
increase in growth was considerable, especially in 
the ease of root growth, which showed an increase 
of 34 percent over the control. Seed germination in 
10” 3 M. colchicine solution was also fairly good, 
though the rate of growth was greatly delayed. 
Germination and subsequent growth rate of maize 
in 10" 3 M. indole-3-acetic acid solution were low. 
Notwithstanding the poor growth, the number of 
roots per seedling was highest in this solution. This 
is in keeping with the observation of Mariner 


(1937) on Triticum and Thimann and Lane (1938) 
on A vena. 

The results of an experiment in which maize 
kernels were soaked and grown in 10~ 4 M. test solu- 
tions were similar in the main to those mentioned 
above, though the growth of the shoot was less 
striking in manganese sulphate solution. 

Seed germination and subsequent development 
of maize plants in 10~ ;) M. manganese sulphate and 
colchicine solutions were slightly better than the 
control, but those in indole-3-acetic acid solution 
were inferior. In this case, both colchicine and 
indole-3-acetic acid increased the number of roots, 
but those grown in colchicine gave a different ap- 
pearance from those grown in indole-3-acetic acid, 
the former being white and long and the latter, 
thick and short. 

For maize, the optimum concentration of man- 
ganese sulphate seems to be 10" 3 M. 

Cabbage: Brassica campestris L. subsp. chinen- 
sis Makino. — Seed of cabbage seems to be very 
sensitive to manganese sulphate, colchicine and 
indole-3-acetic acid. In a concentration of 10“ 3 M., 
colchicine and indole-3-acetic acid were definitely 
detrimental to the early growth of cabbage seed- 
lings. The growth of plants in manganese sulphate 
solution was aiso slightly inferior to that of the 
control. Seeds soaked in 10" 3 M. manganese sul- 
phate and colchicine germinated quite promptly, 
but those in indole-3-acetic acid solution of the same 
concentration did not. Germination and growth of 
cabbage was very good in 10" 4 M. manganese sul- 
phate, especially in the case of the root, which 
showed an increase in length and in dry weight of 
more than 20 percent over the control. Plants in 
10" 4 M. colchicine solution grew tolerably well. On 
the other hand, no growth of plants took place in 
indole-3~acetic acid solution of this concentration, 
though about half of the seed began to germinate. 
Seeds germinated readily and quickly in both man- 
ganese sulphate and colchicine solutions. When the 
concentration of the test solutions was diluted to 
10~°M., seed germination was accelerated equally 
by manganese sulphate, colchicine and indole-3- 
acetic acid, but the subsequent development of the 
seedlings was not benefited by these solutions. Fur- 
ther dilution of test solutions to 10~ (i M. had no 
effect on the germination and the growth of cab- 
bage. It is worthy of note that the growth of seed- 
lings grown in colchicine and indole-3-acetic acid 
solutions was not improved by dilution. 

The facts presented above lead to the conclusion 
that manganese sulphate in a concentration as high 
as 10™ 4 M. accelerates the germination and early 
growth of cabbage, but indole-3-acetic acid in the 
same and higher concentrations retards them. Low 
concentrations of indole-3-acetic acid (10" 5 to 
10" 6 M.) seem to be ineffective. Within the concen- 
tration range used in these experiments with cab- 
bage, colchicine exerts a beneficial effect on seed 
germination but it causes depression of growth in 
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high concentration, though it has no such effect in 
the low ones. 

Thus seeds and seedlings of mungo bean, maize 
and cabbage cultured in manganese sulphate solu- 
tion in a concentration as high as I0“ 3 M. germinate 
more readily and grow more quickly than in redis- 
tilled water. This beneficial effect of manganese 
sulphate does not diminish when the solution is di- 
luted to 10~ 8 M. Seedlings grown in this medium 
are perfectly normal. On the contrary, germina- 
tion and early growth of these tests materials are 
more or less depressed by the presence of indole-3- 
acetic acid. Even in the most dilute concentration 
(10~ S M. in the case of mungo bean), the percentage 
of germination and the length and dry weight of the 
seedlings grown in this solution rarely exceeded 
those of the control. Colchicine in low concentration 
stimulates the germination and growth of these 
test plants, but a high concentration of colchicine 
is growth-inhibiting. The results of experiments 
with cabbage show that colchicine is particularly 
effective in seed germination. 

The stimulating effect of manganese upon plant 
growth has long been recognized. Micheels and 
De Heen as early as 1 906 reported that a colloidal 
solution of manganese increased the percentage of 
germination, the weight of the seedlings and the 
length of the root of wheat. An excellent review 
of the literature previous to 1936 concerning the 
effect of manganese was given by Brenchley 
(1936). Since then, others have reported stimula- 
tion of growth by manganese. Only those papers 
which have a bearing on the points discussed are 
cited below. Webster and Robertson (1937) found 
that permanganates as well as manganous salts 
produced marked increase in growth of Opuntia. 
They were able to prove that the effect produced 
by permanganates was not wholly inanuriaL Schopp 
and Arenz (1938) found that boron and manganese 
at a concentration of 0.1 mg./liter of solution or 
of sand brought an increase of 28.13 percent of 
shoot growth in water culture and 23.81 percent 
in sand. Lack of manganese expressed itself through 
a general suppression of growth and the appear- 
ance of a strong chlorosis. Tokuoka and Morooka 
(1939) found that for the growth of beet, 0.1 
~ p.p.m. of manganese sulphate gave best results, but 

manganese in 20 p.p.m. was lethal. In a later paper, 
Tokuoka and Zyo (1940) reported the same stimu- 
lating effect of manganese on the growth of rice 
plants in pot experiments. Manganese up to a cer- 
tain maximum amount always increased the length 
of leaves, the number of stems and the yield of the 
crop. They found that the maximum amount of 
manganese for the yield was 300 p.p.m. and for 
the length of leaves, 600 p.p.m. Thus it becomes 
evident that the optimal concentration of manga- 
nese for certain periods of growth differs accord- 
ing to the plant, and that some plants can endure 
a high concentration, as for example maize in our 
case. . ■ ■ 

As to the effect of indole-3-acetic acid on plant 


growth, opinions are still not wholly in agreement. 
It has been widely recognized that indole-3-acetic 
acid causes inhibition in the elongation of roots 
(Kogl, Haagen-Smit, and Erxleben, 1934; Faber, 
1936; Lane, 1936; Meesters, 1936; Thitnann, 1986; 
Bouillenne and Bouillenne, 1938; Bonner and Koep- 
fli, 1939). We also have numerous reports describing 
the retardation effect of this acid on the growth of 
other plant organs or of the plant as a whole (Sola- 
colu and Constantinesco, 1936; Leonian and Lilly, 
1987; Pearse, 1937; Manner, 1937; Pratt, 1938; 
Kaiser and Albaum, 1939). On the other hand, there 
are evidences of growth promotion by indole-3-acetic 
acid in low concentrations (Amlong, 1936; Geiger- 
Huber and Burlet, 1936; Fiedler, 1936; Thimann 
and Lane, 1938; Eaton, 1940; and Gross, 1940). 
As far as the data available in this laboratory show, 
indole-3-acetic acid retarded seed germination and 
early growth of seedling in high concentration, and 
in low concentration it caused abnormal growth of 
the root, though it had a slightly beneficial effect 
on germination and growth. In no ease did the in- 
crease in growth produced by this acid significantly 
exceed that by manganese. 

Studies dealing with the physiological effect of 
colchicine are relatively few. Havas (1937) treated 
wheat seeds with 3—5 ce. of aqueous solutions of 
colchicine, or a combination of Vfacum album prep- 
arations with colchicine, and found that colchicine 
exerted at the beginning of its application a defi- 
nite stimulation effect on the rate of development 
of the roots and root hairs. This effect was followed 
in five to eight days by a very marked depression 
of the growth rate, and in another day their growth 
was completely arrested. The growth-inhibiting in- 
fluence of colchicine on the shoots began even 
earlier. Paton and Nebel (1940) found that the 
elongation of excised maize roots was retarded by 
colchicine of concentrations 1, 2, 3, and 4 X 10~ 4 M. 
The concentration of this alkaloid used by these 
authors is evidently too high. Our data show that 
colchicine in moderate concentrations benefits the 
early development of plants. 

After-effects of seed treatment. — Qryza sa~ 
twa L. — Rice seeds were soaked in manganese sul- 
phate, indole-3-aeetic acid and colchicine solutions 
in a concentration of 100 mg./liter for 24 hours, with 
redistilled water as the control. The results are 
summarized in table 2. Almost all the seeds ger- 
minated at the end of 24 hours. There was no sig- 
■nificcnt effect of the pretreatment on germination 
and early growth : however, those seeds treated with 
manganese sulphate showed a little greater per- 
centage of germination and a greater growth of 
shoot; the growth of root was of the same order as 
that of the control. On the other hand, seeds treated 
with colchicine and indole-3 -acetic acid showed less 
favorable growth than those in redistilled water 
and in manganese sulphate, especially in respect 
to the root. 

Triticum vulgare, “Tsung-Yi — Unfortu- 

nately, no further experiments with rice seeds were 
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Table 2. Effect of seed-treatment with manganese sulphate, colchicine , and indole-8-acetic acid 
(100 mg./liter) on the germination arid early growth of rice plants. Germination counts 
made after 24 hours. Root and shoot data, mean of 100 seedlings, taken after 5 days. Time 
of seed-treatment, 24 hours. Temp 22° G. 



Percentage 

Length (mm.) of 

Dry weight (mg.) of 

Solution used 

germination 

root 

shoot 

root 

shoot 

Redistilled water 

91 

60 

53 

196 

262 

ivr n cn. 

95 

64 

55 

203 

274 

C 1 .nl^»TYi/'Mnp 

83 

59 

55 

189 

259 

Indoleacetic acid 

90 

49 

53 

178 . 

244 


carried out owing to the unavailability of the mate- 
rial at that time. In subsequent experiments, only 
wheat seeds were used as test plants. A local vari- 
ety of wheat “Tsung-Yi 136” was kindly supplied 
by the Meitan Branch Station of the Central Agri- 


cultural Bureau. Test solutions in concentrations 
of 100 mg./liter, 150 mg./liter and 200 mg./liter 
were used simultaneously. Duration of treatment 
was varied from 12 hours to 48 hours. The data of 
these experiments are summarized in table 3. 


Table 3 .Effect of seed-treatment with manganese sulphate (MnSO±), indoleacetic acid {I A A), and colchicine (Col) 
solution upon the germination and early growth of wheat plants, variety Tsung-Yi No. 136. Zero concentration 
means seeds were soaked in redistilleed water. Germination counts made after the following periods (hrs.) in the 
order of time, top to bottom: MnSO^ 9, 6, 12; I A A, 14, 14,14 Ool, 24, 24, 59. Root and shoot data taken after 
the following periods (days), in the order of time, top to bottom: MnSO 4 , 5, 5, 7; IAA , 7, 8, 8; Col, 6, 7, 8. Root 
and shoot data, mean of 100 plants. 


Solu. 

used 


MiiS0 4 


IAA 


Coi. 


Treatment 

Time, Temp., 

hrs. C. 


26 ° - 28 ° 

12 


20°-27° 

24 


24 ° 

48 


20 ° 

19 


18° 

24 


20 °- 22 ° 

48 


23° 

12 


23° 

24 


23° 


Cone. 

mg./L. 

Percentage 

germination 

Length (mm.) of 
root shoot 

Dry weight (mg.) of 

root shoot 

0 

53 

75 

51 

225 

295 

100 

54 

74 

54 

215 

322 

150 

67 

72 

55 

213 

324 

200 

58 

74 

55 

222 

310 

0 

31 

65 

55 

246 

349 

100 

34 

83 

58 

275' 

372 

150 

23 

82 

60 

263 

363 

200 

29 

59 

54 

206 

348 

0 

76 

38 

44 

142 

253 

100 

87 

40 

41 

137 

262 

150 

91 

38 

43 

148 

234 

200 

87 

44 

41 

144 

245 

0 

76 
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Treatments with the manganese sulphate 
solutions. — Treatment for 12 hours . — Seed ger- 
mination of wheat was somewhat accelerated by 
pretreatment with manganese sulphate in any con- 
centration. In this case, the most favorable concen- 
tration seemed to be 150 mg./liter. For early 
growth, the same conclusion holds good. Pretreat- 
ment of seed with manganese sulphate showed no 
beneficial effect on root growth; the length and 
dry weight of root were equal to, or even less than, 
those of the control. Apparently the duration of 
treatment was not long enough to exert any effect 
on early growth of roots. 

Treatment for 21f hours. — -Owing to the short 
period of germination (six hours after soaking), 
the effect of treatment was not noticeable. How- 
ever, elongation of root and shoot and increase in 
dry weight were stimulated by the treatment, at 
least with moderate concentrations. High concen- 
tration (200 mg./liter) seemed to be unfavorable 
to root growth. 

Treatment for Jf8 hours. — Soaking of seeds in 
redistilled water and in the test solutions for 48 
hours retarded the subsequent development of the 
embryo, so that the effect of manganese sulphate 
was not so marked as in the cases of shorter treat- 
ment. However, the rate of germination was accel- 
erated by manganese sulphate in every concentra- 
tion. The root growth was also slightly increased 
by the pretreatment. 

The results of the above experiments indicate 
that pretreatment of seed with manganese sulphate 
had beneficial effect on the germination and the 
subsequent growth of the seedlings, provided that 
the concentration is not too strong and the time of 
treatment not too long. Our results agree com- 
pletely with those of Zlataroff (1934) who found 
that seeds of chickpea and peanut treated with 
0.5 percent solution of manganese sulphate before 
sowing grew faster than the controls for 12 to 
20 days. 

Treatment with indole-3-acetic acid solu- 
tions. — Treatment for 12 hours. — The rate of ger- 
mination was reduced by the pretreatment and the 
degree of retardation in the rate of germination 
was proportional to the concentration of the test 
solution. At first, the elongation of root and shoot 
was considerably retarded, especially in the case 
of high concentration (200 mg./liter). For exam- 
ple, no root and only a few shoots were discernible 
in seeds treated with 200 mg./liter at 12 hours 
after they were put into Petri dishes. Noticeable 
swellings were present in the tip of the roots, as 
described in a previous paper (Loo, 1942). The 
swelling of roots was also observable in seedlings 
treated with this acid in a concentration of 150 
mg./liter. But this abnormal growth feature dis- 
appeared 70 hours after the seeds were put into 
the Petri dishes. At the end of the experiment 
(seven days), the length and the dry weight of the 
root system were a little greater than those of the 


control, though the growth of shoot was always 
retarded by the pretreatment. 

Treatment for 2Jf. hours . — With longer treatment, 
the after-effect became more marked, even in seeds 
treated with 100 mg./liter. No root was noticeable 
before 36 hours. In the case of seed treated with 
higher concentrations, the roots did not appear un- 
til 44 hours after they were set for germination. 
The swelling of roots and its disappearance after 
a certain time were also observed. In general, the 
shoots appeared earlier than the roots, though their 
elongation w T as retarded. Later in the experiment 
the rate of root growth was much accelerated in 
the case of seedlings treated with a moderate con- 
centration of this acid, so that at the end of the 
experiment, length and dry weight became equal 
or in some cases even superior to those of the 
control. 

Treatment for IfS hours. — The growth of both 
shoot and root was retarded by pretreatment with 
indole-3-acetic acid. In the case of seeds treated 
with 200 mg./liter, no root appeared within 60 
hours. The swelling of roots was much more marked 
than that following the 24-hour treatment, and its 
degree was proportional to the concentration of the 
test solutions. From the fourth day on, however, 
the growth of the treated roots became suddenly 
accelerated. Moreover, the rate of acceleration was 
much greater in high concentrations than in 100 
mg./liter. These findings agree completely with 
those by Thimann and Lane (1938) with A vena. 
What is more interesting was that the rate of 
growth of the shoot of the treated seeds began to 
decline at almost the same time that the root began 
to accelerate, the degree of retardation being also 
proportional to the concentration of the test solu- 
tions. Within the duration of the experiment, shoot 
growth was inferior to that of the control. The dry 
weight of the root was slightly increased by seed 
treatment with moderate concentrations of indole- 
3-acetic acid, but the length of root was reduced 
irrespective of the concentration of the test solu- 
tion. 

The pretreatment of seed with indole-3-acetie 
acid thus had no beneficial effect on germination 
and early growth of wheat plants. The rate of ger- 
mination was retarded by the treatment in propor- 
tion to the concentration of this acid. The length 
and dry weight of the shoot were always inferior 
to those of the control. As to the growth of root, 
pretreatment of seed with indole-3-aeetie acid re- 
sulted in retardation at first but increased the length 
and weight to some extent toward the end of the 
experiment. But with higher concentration and 
longer duration of treatment, the growth of the root 
was also retarded. 

There have been many reports on the after-effect 
of treatment with indole-3 -acetic acid upon seed or 
seedling. Thimann and Lane (1938) found that 
preliminary treatment of 24 to 48 hour-old plants 
with concentrated indole-3-acetic add solutions or 
the soaking of seed in the same resulted in the 
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inhibition, of root growth. But if after the treat- 
ment the plants were transferred to water the in- 
hibited roots grew at a gradually increasing rate 
until their length actually exceeded that of the 
controls. Furthermore, they treated oat seedlings 
with this acid and planted them in sand in the 
greenhouse, and found that the growth of the shoots 
of the treated plants showed marked acceleration. 
Our results agree in general with those of Thimann 
and Lane except that soaking seed with a concen- 
trated solution of indole-3-acetic acid generally 
caused inhibition of growth. According to Albaum, 
Kaiser and Eichel (1940), the growth of oat cole- 
optiles -was benefited when grains were soaked for 
24 hours at room temperature in solutions of glu- 
cose and indole-3- acetic acid (10 mg./liter) ; early 
growth was retarded but the final length was in- 
creased. They also found that the rate of respira- 
tion of the grains immediately after the soaking 
was inversely related to the final length of the 
coleoptile, and hence directly related to the velocity 
of growth. They considered that oxygen content of 
the soaking medium was a factor limiting the 
growth velocity and final growth. But from the fact 
that the acceleration of growth on transferring the 
seedlings to water had some relation to the con- 
centration of indole-3-acetic acid, oxygen content 
of the soaking medium could not be considered an 
important factor in growth inhibition. The cause 
of early retardation of growth and respiration may, 
perhaps, be due to the direct effect of indole-3- 
acetic acid. More recently, Y. Hwang and Pearse 
(1940) found that treatment of seed for two hours 
with indole-3-acetic acid in concentrations varying 
from 2-200 p.p.m. had no effect on the growth of 
oat, but in the case of broad bean it showed a slight 
growth acceleration at low concentration and a 
definite retardation at high ones. It is evident from 
our results and a review of literature on the subject 
that soaking seed with indole-3-acetic acid general- 
ly results in the depression of germination rate and 
subsequent development of the embryos. The degree 
of depression is proportional to the concentrations 
used and the duration of the treatment. On trans- 
ferring the treated seeds or seedlings to water, the 
depressing effect of indole-3-acetic acid decreases 
gradually and subsequently the rate of growth in- 
creases. There may be many possible causes of 
growth depression by indole-3-acetic acid : retarda- 
tion of respiration as reported by Albaum, Kaiser 
and Eichel (1940) may be one of them, and the 
inhibition of mobilization of reserve materials and 
their transport may he another. The acceleration 
of growth after the treated plants were transferred 
to water may be the result of depletion of indole-3 - 
acetic acid which had been absorbed by the seeds 
and the relatively large supply of reserve mate- 
rials. If that be the case, how should one explain 
the superior root growth of the treated plants com- 
pared with that of the control? Since acceleration 
of root growth was always accompanied by the 
suppression of shoot growth, it is not unreasonable 


to assume that the length and the dry weight of the 
root increase at the expense of the shoot. 

Treatment with colchicine solutions. — 
Treatment for 12 hours . — Soaking of wheat grains 
for 12 hours with colchicine resulted in the accel- 
eration of seed germination, but had no good effect 
on the early growth. The length and the dry weight 
of both shoot and root were slightly inferior to 
those of the control irrespective of the concentra- 
tion of the test solution. 

Treatments for 24 and 48 hours . — Prolongation 
of the time of treatment to 24 and 48 hours gave 
poorer results. The growth of both shoot and root 
was depressed. The germination percentage of 
seeds treated with 200 mg./liter for 24 hours and 
with 100 mg./liter to 150 mg./liter for 48 hours 
was slightly greater than that of the control, but 
in general soaking with colchicine for more than 
24 hours had no significant effect. 

The above results lead to the conclusion that 
within the concentration range and the duration of 
treatment used in these experiments, soaking seeds 
with colchicine slightly stimulates the rate of ger- 
mination, but it has no good effect on the early 
growth of wheat seedlings. 

Discussion. — The above results show the supe- 
riority of manganese sulphate over indole-3-acetic 
acid and colchicine in stimulating the rate of ger- 
mination and the growth of mungo bean, maize, 
cabbage, rice and wheat. The beneficial effect of 
manganese on plant growth, especially in small 
quantities, has been long recognized (for extensive 
literature, see Brenchley, 1936). Its essentiality 
in plant nutrition and growth has also been clearly 
demonstrated by Steinberg (1935) for fungi and 
by Stout and Arnon (1939) for higher plants. Yet 
the mechanism of its effect is still not understood. 
Y. W. Tang and Y. Yao of this laboratory (1942) 
have proved that manganese sulphate in agar- 
block induces curvature of oat and wheat coleop- 
tiles in the same way as some growth-promoting 
materials do. Their findings throw some light on 
this problem. Although a growth-promoting mate- 
rial must induce Avena curvature when it is applied 
unilaterally to the decapitated oat coleoptiles, a 
substance inducing Avena curvature may not neces- 
sarily be a growth-promoting material in the real 
sense of the word. If manganese sulphate is a 
growth-promoting substance, its presence must have 
a beneficial effect on every stage of plant growth. 
The results of earlier work with rice and of the 
present investigation substantiate in part this state- 
ment. It must be pointed out that plants respond 
to manganese, indole-3-acetic acid and colchicine 
in quite different ways. From observations of 
growth features, it seems safe to conclude that: 
( 1 ) the growth of seedlings in manganese sulphate 
solution or of seedlings pretreated with this solu- 
tion is quite normal; (2) indole-3-acetic acid is 
toxic to plants in high concentrations and ineffec- 
tive in low ones, its presence usually inducing bulb- 
ous hypertrophy of the root tips; (3) colchicine in 
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high concentration is also toxic; but it stimulates 
growth in relatively low concentration. So far as 
the early growth of root and shoot is concerned., 
there is no indication that colchicine induces anoma- 
lous growth. 

How does manganese function in growth pro- 
motion? Why do indole-3-acetic acid and colchicine 
fail to promote growth? In the present studies, all 
experiments were conducted in the dark without 
supply of nutrients, and ended within ten days; 
the physiological processes that might have been 
involved were (1) the mobilization of food reserves, 
(2) the transport of decomposition products, (3) 
resynthesis of protein, cellulose and other cellular 
constituents and (4) respiration. Although Zlata- 
roff (1934) suggested that the effect of manganese 
sulphate on the early growth of the plant may con- 
sist in the acceleration of enzyme activity during 
mobilization of reserve material, there is as yet no 
direct evidence to this effect. Recent works of 
Lundegardh (1939), Burstrom (1939a, 1939b, 

1939c) and Noack and Pirson (1939) are of in- 
terest in this connection, Lundegardh regards man- 
ganese as a catalyst which plays the role which 
iron plays in animal respiration. According to 
Lundegardh, nitrate reduction occurs only when 
manganese and oxygen are supplied and respira- 
tion is active. Burstrom, and Noack and Pirson 
conclude that the presence of manganese in culture 
media is necessary for the assimilation of nitrates 
by plants. These results suggest the possibility of 
the beneficial effect of manganese on the enzyme 
activity in plant metabolism. Further investiga- 
tions along this line are desirable. 

Recently, numerous data concerning the effect of 
indole-3-acetic acid on the metabolic activities of 
plants have been accumulated (Mitchell and Mar- 
tin, 1937; Mitchell and Hamner, 1938; Alexander, 
1938; Stuart, 1938; Mitchell and Stuart, 1939; 
Mitchell, 1940; Mitchell, Kraus and Whitehead, 
1940; Smith, Nash and Davis, 1910). This is not 
the place to enter into details. It is enough to say 
that up to the present, the beneficial effect of in- 
dole-3-acetic acid on plant metabolism is doubtful. 
As to the relation between colchicine and plant 
metabolism, Paton and Nebel’s results (1940) are 
interesting. According to these authors, colchicine 
in a concentration of 10~ 4 M. lowers the rate of 


respiration and dipeptidase activity of excised 
maize roots. Whether the ineffectiveness of in dole - 
3-acetic acid and the harmful effect of colchicine 
on metabolic activities are the causes of their in- 
feriority to manganese is a problem winch remains 
to be solved. Experiments along this line are in 
progress in this laboratory. 

SUMMARY 

Manganese sulphate in a wide range of concen- 
tration accelerates the rate of seed germination 
and growth. In the case of maize plants, a consider- 
able increase in length and in dry weight was se- 
cured in the presence of 10~ 3 M. and 10“ 4 M. man- 
ganese sulphate. The growth habit of seedlings in 
these solutions was perfectly normal. High concen- 
tration of indole-3-acetic acid inhibits the rate of 
germination and growth. Seed germination and 
growth in low concentration of indole-3-acetie acid 
were either as good as, or slightly better than those 
of the control. This acid stimulates the production 
of adventitious roots, but the roots are thick and 
short with prominent swellings at their tips. Col- 
chicine in appropriate concentrations sitmulates 
seed germination and causes slight increase of 
growth. High concentration of colchicine is growth- 
inhibiting. Roots grown in this solution appear 
quite normal, however. 

Pretreatment of seed with manganese sulphate 
in suitable concentration has a favorable after- 
effect on the germination and growth of plants, 
provided that the time of treatment is not longer 
than 24 hours. Soaking of seed for more than 24 
hours is unfavorable for subsequent development 
even in redistilled water. Soaking of seed with 
indole-3-acetic acid causes a depression of germina- 
tion rate, but on transferring the seeds to water, 
elongation of the root is accelerated at the expense 
of the shoot. Treatment for longer than 24 hours 
retards the elongation of root and shoot. Swelling 
of root tips was also observed in this case. The 
after-effect of seed-soaking with colchicine on seed 
germination is fairly good, but the subsequent de- 
velopment of the treated seed is not favorable. 
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GENETICS OF GLOMERELLA. II. FERTILIZATION BETWEEN STRAINS 1 



C. W. Edgerton, S. J. P. Chilton, and G. B. Lucas 


From studies which have been made on certain 
fungi belonging to the genus Glomerella, the evi- 
dence supports the conclusion that there is a close 
association between two distinct strains or strain 
types which have been designated as plus and 
minus. The plus strain is the one ordinarily picked 
up and cultured. When ascospores are isolated from 
this strain, cultures of both the plus and minus 
strains are readily obtained. 

It is also known that when the plus and minus 
strains are grown in the same plate, a ridge of peri- 
thecia forms very rapidly on the line where they 
come together. The perithecia develop more rapidly 
in this ridge than they do in the small glomerate 
masses which are produced by a plus culture grow- 
ing by itself. When the ascospores from a ridge are 
cultured, it has been found that ordinarily the asci 
contain either four plus and four minus spores or 
else eight minus spores. As the same segregation 
occurs in the plus strain alone, it has not been 
possible to prove definitely that the ridge of peri- 
thecia on the line of contact follows a fertiliza- 
tion between the two strains as was suggested in an 
early paper (Edgerton, 1914 ), or is merely due to 
some stimulus. 

The object of this paper is to present evidence 
to show that a fertilization does take place between 
the plus and minus strains. A culture of the plus 
type from Ipomoea has provided the way for ob- 
taining such evidence. As reported in a previous 
paper (Lucas, Chilton, and Edgerton, 1944 ), from 
this culture and its plus and minus progeny several 
variants were obtained which were definitely dis- 
tinct from the plus and minus strains usually iso- 
lated from ascospores. Certain of these when grown 
in plates with other strains produced perithecial 
ridges on lines of contact. From these ridges it was 
again possible to isolate ascospores and identify 
the cultures developing from them. 

Among the variants obtained from the Ipomoea 
culture were two strains which were of great aid 
in the present investigations. These were a strain 
definitely of the plus type but differing in certain 
respects from the original better-known one and a 
culture of the minus type distinct from the original. 
These two variants and the common plus and minus 
strains have been grown in plates in all possible 
combinations. 

The term type is introduced in this paper in or- 
der to group strains which differ in some respects 
but in general are similar. There are strains of the 
plus type which are unlike in certain characteris- 
tics, and similarly there are different strains of the 
minus type. For the present no other types are 
being considered. 

Descriptions of cultures used. — Cultures of 
the ordinary plus and minus strains and of the two 

1 Received for publication October 25, 1944. 


variants were obtained from ascospores of the origi- 
nal plus strain of the Glomerella from Ipomoea , 
from its progeny, or from ridges of perithecia be- 
tween different strains. The important characteris- 
tics are briefly listed. For this paper, these four 
strains are designated as plus A, plus B, minus A, 
and minus B. It must be understood that these sym- 
bols refer only to the cultures used. 

Plus A. — From the original plus culture and 
similar to it in all ways. Perithecia produced in 
scattered glomerate masses. Perithecia full of well- 
developed asci and ascospores. Asci when analyzed 
by culturing individual ascospores produce ordi- 
narily either four cultures of the plus type ( plus 
A) and four of the minus type ( minus A), or else 
eight of the minus ( minus A ). Conidia not observed. 

Plus B. — Macroscopically indistinguishable from 
the plus A strain. Perithecia produced in scattered 
glomerate masses, Asci numerous and well devel- 
oped. Asci, however, when analyzed by culturing 
individual ascospores, produce ordinarily eight cul- 
tures of the plus type ( plus B) and apparently none 
of the minus type. (Evidence for this is presented 
in a later paragraph.) Conidia not observed. This 
strain originally came from a single ascospore from 
the line of contact between a minus and a conidial 
strain. 

Minus A. — The common minus strain, similar to 
the minus strains described in previous publications. 
Originally from an ascospore from the plus A 
strain. Produces numerous perithecia, singly or in 
groups of two or three scattered over the surface 
of the agar. Perithecia ordinarily sterile, only an 
occasional one producing a few asci. Ascospores 
when isolated produce colonies of the minus A 
strain. 

Minus B. — This strain designated in a previous 
publication as fertile minus. Originally from an 
ascospore from a plus A strain. Produces numer- 
ous perithecia singly or in groups of two or three 
scattered over the surface of the agar. Most of the 
perithecia filled with well-developed asci and asco- 
spores. Ascospores when isolated produce colonies 
of the minus B strain. 

Stability of the plus b strain, — The plus B 
strain was first recognized when a culture of the 
plus type was obtained which produced cultures 
only of the plus type when subcultures were made 
from ascospores. This seemed unusual as both plus 
and minus types had previously been obtained from 
ascospores from all plus strains studied. 

To determine whether this culture was stable and 
would not break up into plus and minus strains, it 
was tested from time to time during a period of 
two and a half years. Numerous isolates were ob- 
tained from single ascospores, from perithecial 
clumps, from the original culture and from sub- 
cultures which had developed from ascospores. 
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Table 1 . Identity of cultures from ascospores of plus B strain ( culture 5-16 and its ascospore 
progeny ) from 58 perithecial clumps. 


Number of Number of cultures 

perithecial Plus Conidial Sterile 

Culture clumps type strains strains Total 

By single ascospore 

5-16 .. 23 325 4 19 348 

5-16-170 17 176 2 13 191 

5-16-170-3 3 103 0 0 103 

5-16-A-l 8 216 0 0 216 

5-16-1-1 v. 2 53 0 0 53 

5-16-A-1-C-2 1 56 0 0 56 

5-16-A-1-D-5 1 35 0 0 35 

By dilution 


Total 58 1556 6 33 1594 


Most of these isolates were obtained by picking up (1) plus A and minus A; (2) plus A and minus B; 

single ascospores though some were from dilution (3) plus B and minus A; (4) plus B and minus B. 

cultures made with ascospores. As shown in table 1, The asci in the perithecia in these ridges were 

cultures were obtained from 1594 ascospores. Of analyzed by picking up the individual ascospores 

these, 1556 produced cultures of the plus type. from a number of asci and growing them on oat- 

meal agar. The identity of the cultures that devel- 
oped was determined. While it was not always pos- 
sible to obtain cultures from all eight ascospores 
in an ascus, it was found that the constitution of 
an ascus could ordinarily be determined if cultures 
from five ascospores were obtained. As the asci in 
a perithecium are usually alike, having the same 
distribution of strains, asci were usually selected 
from a number of perithecia. 

Plus A and minus A. — This is the well-known 
combination described in previous papers. It was 
known that the asci in the ridge of perithecia be- 
tween these strains have either four ascospores of 
the plus and four of the minus strains or else eight 
of the minus. To make certain that the cultures 
being used acted similarly to those studied previ- 
ously, the asci from a few perithecia were analyzed. 
Of eleven asci from the ridge of perithecia be- 
tween these strains, five had four spores of the 
plus A strain and four of the minus A, and six had 
eight spores of the minus A. This was in agreement 
with previous work and no further tests seemed 
necessary. 

Fig. 1. Strains Plus A, Plus B, Minus A and Minus B, Plus A and minus 5.— Two different cultures of 
showing ridges of perithecia between plus and minus eac}l strain were used in the crossing tests. A ridge 
strains. of perithecia formed quickly on the line of contact 

when cultures of the plus A and minus B strains 
The other 38 cultures produced only conidia or were allowed to grow together. The perithecia were 

sterile mycelium. No cultures of the minus type well-developed and filled with asci containing nor- 

developed from any of these ascospores. It is be- nial ascospores. 

lieved that the evidence is sufficient to show that The ascospores from 42 asci from the ridges were 

this strain does not produce the minus strain from picked up and cultured. As shown in table 2, of 

ascospores. these asci 22 apparently had four spores of the plus 

Crossing tests. — The two strains of the plus and type and four of the minus B strain, while 19 had 
the two of the minus types were grown in all pos- eight spores of the minus B strain. One had a 6:2 

sible combinations in petri dishes (fig. 1). Ridges segregation. 

of well-developed perithecia formed quickly on lines Cultures of the plus type obtained from a few 

of contact when the following were grown together: of* the asci with the 4:4 segregation produced peri- 
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Table 2. Ast 

yi in segregation groups from 

crosses between plus 

A and minus B 

strains. 

Cross 

number 

Parents 

Plus A X minus B 

Number of asci in each segregation 
group 

6 plus A 4 plus A 11 

2 minus B 4 minus B 8 minus B 

Total 

asci 

17 

8-A-6 X 8-A-3 

1 

6 

0 

7. 

37 

30-A-4 X 17-F-5 

0 

16 

19 

35 

Total 


1 

22 

19 

4 2 


a Based on limited tests, plus cultures from asci with the 4 : 4 segregation were identical with 
the parent plus A strain as ascospores from them produced cultures of the plus type and of 
the minus A strain. 


tliecia in glomerate masses, and ascospores from 
these perithecial masses when isolated, produced 
cultures of the plus type and of the minus A strain. 
The subcultures of the latter were identical with 
the original minus A strain. Cultures of the minus 
B strain were not obtained from these subcultures. 

On account of the occurrence of the minus B asco- 
spores in asci with the 4:4 segregation along with 
ascospores of the plus type which produced cultures 
that segregated into the plus A and the minus A, 
there seems little doubt but that a fertilization did 
occur between the plus A and minus B strains. 

Plus B and minus A . — Two cultures, the original 
plus B and an ascospore subculture which seemed 
identical, were mated with cultures of the minus A 
strain. Ridges of perithecia formed rapidly on the 
lines of contact. 

The ascospores from 35 asci from these ridges 
were picked up and cultured (table 3). Of these 
asci, 17 had 4 spores of the plus type and 4 of the 
minus A strain, 1 1 had spores of the minus A strain 
alone, and 7 had spores of the plus type alone. 

From 1 1 cultures of the plus type obtained from 
asci with the 4:4 segregation, 435 ascospores w r ere 
cultured. The cultures from these were all of the 
plus type. 

Plus B and minus B . — The original plus B cul- 
ture was grown in plates with two cultures of the 
minus B strain. Ridges of perithecia formed quickly 
on lines of contact. 

The ascospores from 26 asci from perithecial 
ridges were picked up and cultured (table 4). Of 
these asci, 8 had 4 spores of the plus type and 4 of 


the minus B strain and 18 had spores of the minus 
B strain alone. 

From 13 cultures of the plus type obtained from 
asci with the 4:4 segregation, 505 ascospores were 
cultured. The cultures from these were entirely of 
the plus type. From this it would seem that the 
spores of the plus type in the asci with the 4:4 seg- 
regation were of the plus B strain. 

Discussion. — By using two strains of the plus 
type which differed in possibly only a single charac- 
ter and two unlike strains of the minus type, it was 
possible to demonstrate that fertilization between 
plus and minus strains does take place when they 
come in contact. From perithecia in the ridge of 
perithecia on the line of contact, it was always pos- 
sible to obtain asci which contained four ascospores 
of each strain used in the cross. The cultures ob- 
tained from these ascospores were identical with 
one or the other of the parent strains. No new strains 
were observed in the crosses in these tests. This 
might be expected if the strains differ in only a single 
character. However, the facts available regarding 
the nuclear activities are so limited that it is not 
possible to offer any explanation at the present time. 

The variant (plus B) of the plus type was of con- 
siderable interest genetically as none of the asco- 
spores when isolated produced cultures of the minus 
type. This variant behaved like a homothallic fungus 
and if its origin from the ordinary plus type were 
not known, its behavior would probably be consid- 
ered normal and in line with many other ascomycetes 
which have previously been studied by others. But 
originating from the progeny of a culture which pro- 
duces ascospores of both the plus and minus types. 


Table 3. Asci in segregation groups from crosses between plus B and minus A strains. 


Cross 

number 

Parents 

Plus B X minus A 

Number of asci in each segregation 
group 

4 plus B b 

8 plus 4 minus A 8 minus A 

Total 

asci 

23 

5-16 X 15-24-D-8 

6 

3 

8 

17 

31, 34, 

38 

5-16-170 X 4—17—1 

1 

14 

3 

18 

Total 

• 

7 . 

17 

11 

35 


| 

jj 

! 

I 

i 


i 

i 

i 

I 

i 

i 






u Plus cultures from asci with 4 : 4 segregation were identical with the parent plus B strain, 
as ascospores from them produced cultures of the plus type only. 
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Table 4. Asci in segregation groups from crosses between plus B and minus B strains . 




Number of asci in each 




segregation group 


Cross 

Parents 

4 plus B c 

8 minus B 

Total 

number 

Plus B X minus B 

4 minus B 

asci 

12 

5-16 X 8-A-3 

4 

10 

14 

33 

5-16 X 17-F-5 

4 

8 

12 


Total 8 18 26 


« Plus cultures from asci with the 4 : 4 segregation were identical with the parent plus B 
strain, as ascospores from them produced cultures of the plus type only. 


its nuclear constitution is not clear and at this time 
no attempt is being made to explain it. However, for 
that matter, there is no satisfactory explanation of 
the condition found in the ordinary plus strain where 
a culture originating from a single ascospore seems 
to segregate into two strains. 

SUMMARY 

From a culture of Glomerella from Ipomoea there 
were obtained two unlike strains of the plus type 
and two of the minus type. 

A ridge of perithecia formed rapidly on the line 
of contact when either plus strain was grown with 
either minus strain. 

From each cross, asci were obtained with four 
ascospores of the plus and four of the minus types 
used and others which contained eight ascospores of 


the minus type used. This indicates that a fertiliza- 
tion between the two strains occurs. 

A plus strain ordinarily seems to segregate into 
plus and minus. However, a strain of the plus type 
(plus B) was found which did not segregate in 
this way. 

Department of Botany, 

Louisiana State University, 

Baton Rouge, Louisiana 
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GROWTH AND VASCULAR DEVELOPMENT IN THE SHOOT APEX OF SEQUOIA 
SEMPERVIRENS (LAMB.) ENDL. I. STRUCTURE AND GROWTH 

OF THE SHOOT APEX 1 

Clarence Sterling 


In recent years there lias been a revival of in- 
terest in the classical problems of developmental 
anatomy. This renewed interest has resulted in part 
from new methods in histological technique, in part 
from the criticism of older concepts of shoot struc- 
ture. Generally, however, the recent histogenetic 
studies have not been coordinated ones. They have 
been concerned with the development of a particu- 
lar tissue or organ of the plant. What seems desir- 
able is a coordinated treatment of the modes of 
growth in the organs and tissues which have been 
the objects of “classical** consideration. 

It is with this idea as a basis that the present 
study of shoot organization in Sequoia sempervi- 
rens has been initiated. Although investigations 
have been made on the apical meristem of this spe- 
cies, its phyllotaxis, initial vascular differentiation, 
secondary cambial activity, and leaf anatomy, these 
studies generally are not unified. They present only 

1 Received for publication October 26, 1944. 

The writer is indebted to Professor A. S. Foster for 
inspiration and critical advice in the development of 
this study. 


a limited picture of the interrelated activities in the 
growing redwood shoot. The present study has 
attempted to present a unified treatment of devel- 
opment, based on the use of modern histological 
techniques. Physiological speculations, with the 
awareness of the inherent limitations, are derived 
from the appearance of fixed and stained material. 

The first paper of this series considers the de- 
velopment of the shoot apex above the region of 
vascular differentiation, development of the pitli 
region of the stem, and general shoot morphology. 

Materials and techniques, — Several hundred 
shoot apices of leading sprouts of redwood were 
collected in Sequoia Park, Oakland, California. 
Apices of lateral branches were also gathered for 
comparative study. The plants from which these 
apices were taken were approximately five years 
old and from 1 to 2.5 meters high. P'or the year 
studied, the average height increment was 33 centi- 
meters, some individual shoots attaining a growth 
of 63 centimeters. All were obtained within an acre 
of redwood grove, and many were probably geneti- 
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cally related, in view of tlie sprouting habit of older 
Sequoia sempervirens trees. 

The collections were begun at the end of Feb- 
ruary, 1941;, and continued through January, 1942. 
Specimens were taken at weekly intervals during 
the season of active growth, from February through 
August, and at bi-weekly and monthly intervals 
during the limited dormant period, starting about 
September. 

The apices were killed and fixed principally in 
a solution of the Craf type. A modification of duel's 
solution was used occasionally to give better fixa- 
tion of the walls of sieve cells. Following the meth- 
od of Ball (1941a), the apices were dehydrated and 
ultimately embedded in paraffin. Sections were cut 
serially from 8 p to 10 p thick, in transverse, me- 
dian longitudinal, and tangential planes. The most 
successful staining technique employed was the 
tannic acid-ferric chloride and safranin schedule of 
Foster (1934), modified by the use of a fast green 
counterstain. 

Structure and growth of the shoot apex. — 
On the leading shoots the leaves are small, linear, 
and arranged in phyllotaxes of varying complexity. 
They are decurrent, and ridges extend vertically 
along the stem from the sides of the leaf insertion 
until they reach the next leaves below. At points 
where an arrest in growth has occurred, the leaves, 
which here may be called cataphylls, are shorter 
and are crowded closely together, marking the ter- 
mination of active growth. 

Cytohistology of the active shoot apex. — Regard- 
ing the internal organization of the apical region 
of Sequoia , Cross (1943a) and Crafts (1943), re- 
spectively, have discussed apical histology and vas- 
cular organization. The present study, conducted 
independently of the above investigations, brings 
forth some additional, and on some points, diver- 
gent observations. It is hoped that these findings 
may contribute to a better evaluation of Sequoia 
with respect to conifer anatomy and general shoot 
structure. An extensive critique of works on apical 
structure seems needless because of the excellent 
reviews of Foster (1939b, 1941a). 

The following description, based on the study 
of median longisections and transections, briefly 
represents the cytohistological situation in the shoot 
apex. 

The summit of the apical cone in an active shoot 
is occupied by a group of three or four cells, which 
are slightly smaller, more deeply-staining, seem- 
ingly less vacuolate, 2 and more actively dividing 
than their derivatives. This group of cells is per- 
petually meristematic, constituting an irregular 
zone which may be designated as the “apical ini- 
tials” (fig. 6, 7). This zone is thus the ultimate 
generative meristem of the apex. 

The apical initials divide periclinally and anti- 

2 Vacuolate is used in reference only to the combined 
effect of the lightly-staining quality of the cytoplasm 
with the relatively larger size of the vacuoles. It is recog- 
nized that vacuoles occur in all cells, including those of 
the meristem (Bailey, 1930; Zirkle, 1932). 


dinaliy, irrespective of season of growth, and ob- 
lique cross walls also occur. Almost every shoot 
apex examined showed at least one periclinal wall 
in one of the cells of this zone. There is no regu- 
larity in the sequence of anticlinal and periclinal 
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Fig. 1. Diagram, based on figure 3, of a longisection of 
the shoot apex of Sequoia sempervirens, showing the pat- 
tern of cytohistological zonation and tissue differentiation. 
Zone 1 is constituted by the apical initials. The derivative 
zone immediately below (zone 2) is the area of central 
mother cells. From the flanks and base of zone 2, a eumeri- 
stem zone (zone 3) is produced by renewed mitotic activ- 
ity. The pith mother cells (zone 4) are derived from 
eumeri stem cells in the center of the shoot. From the. 
eumeristem cells on the flank are differentiated epidermis, 
procambial strands (Pc), leaf primordia (LP), and cor- 
tical tissue. In the pith, the pith mother cells eventually 
give rise to a rib-meristem (zone o), beneath which the 
cells of the pith experience elongation in the transverse 
plane— zone of transverse expansion (zone 6). 

divisions. Although anticlinal divisions tend to pre- 
dominate in the anticlinal derivatives of the apical 
initials, thus producing an apparently discrete sur- 
face layer, periclinal and oblique walls are abun- 
dant enough in these derivatives on the flanks of 
the cone to invalidate the idea that a discrete “pro- 
toderm” exists in this species (fig. 3, 6, 10). 

Strasburger (1872) declared that the Sequoia 
apex (in addition to Taxus, Ginkgo , Thuja , Cryp~ 
tomeria, and others) had an independent proto- 
derm overlying a layer or two of periblern cells. 
He admitted, however, that there were occasional 
divisions in the protoderm, as in Ephedra. Camp- 
bell (1940) figured the Sequoia sempervirens apex 
without describing it. His legend seems to indicate 
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Fig. 2 10. Fig. 2. Median longisection of active shoot apex of Sequoia sempervirens during period of most rapid 
shoot elongation. Note abundant mitoses in the eumeristem and pronounced, although delayed, development of an active 
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that he is in substantial agreement with Strasbur- 
ger on the construction of that apex. Cross (1943a) 
finds that a protoderm exists seasonally in the shoot 
apex of Sequoia sempervirens , principally during 
the period of dormancy. These observations con- 
trast significantly with the present findings which 
lias had the combined advantages of modern histo- 
logical techniques and a seasonal collection of even- 
aged shoots from a small geographic area. 

The derivatives of the apical initials form a cup- 
shaped region of lightly-staining cells. These cells 
are significantly larger than their own immediate 
derivatives. The walls are thicker also, and there 
seem to be large deposits of some substance at the 
w r all interstices. Moreover, the frequency of mito- 
ses is much lower than in the lateral and imme- 
diately subjacent cells. Collectively, these charac- 
teristics define a rather distinct zone in the shoot 
apex which may be called a “central mother cell 
zone.” In this zone, divisions occur in all planes. 
Primary pit fields are readily visible in the walls 
of the central mother cells. In many instances the 
thickened wall of a mother cell can be seen to en- 
close several thinner-walled daughter cells. The 
nuclei of these cells are larger, stain less densely, 
and occupy a smaller proportion of the cell volume 
than the nuclei of the more active cells of the next 
lower region (fig. 6, 7). 

The cells of the subjacent zone, called “periph- 
eral meristem” by Cross (1943a) and cytologically 
equivalent to Kaplan’s (1937) “eumeristem,” 3 are 
smaller and more deeply staining in cytoplasm and 
nuclei, have thinner walls (with no interstitial de- 
posits), and undergo a far higher frequency of 
division than the central mother cells. The differ- 
ence between the sizes of the cells in the two zones 
can be as much as 2:1 and, not infrequently, 3:1. 
This eumeristem occurs directly below and lateral 
to the central mother cell zone (fig. 6, 7). It is 
derived abruptly from the latter by a renewal of 
mitotic activity. The cells of the eumeristem divide 
mainly by walls parallel and perpendicular to the 
boundary of the central mother cell zone, as seen 
in median longisection and in transection. At the 
center of the shoot apex, the eumeristem differen- 

8 The term “eumeristem” is employed in this paper in 
a cytological sense. Eumeristem tissue is composed of 
eumeristem cells. 


tiates- into the pith mother cell zone, which farther 
down gives rise to the enlarging and dividing rib- 
meristem. Between the central mother cells and the 
pith mother cells, the eumeristem can vary from 
one to five cells in depth, depending on shoot 
activity. 

Enveloping the pith mother cells and making up 
the remainder of the body of the shoot at this point 
is eumeristem which has not yet undergone differ- 
entiation. It is equivalent to Sanio’s (1863) “Aus- 
senschicht,” Korody’s (1937) “Meristemgloeke,” 
and Foster’s (1938, 1940) “peripheral zone”; it 
has been noted in many shoots in which the pith 
differentiates early. From this tissue are derived 
leaf primordia, cortex, vascular tissue, and epi- 
dermis. 

The form of the apex above the level of inser- 
tion of the youngest leaf, as seen in median longi- 
sectional view, is generally parabolic. This para- 
bola may vary greatly in width, resulting in hemi- 
spherical to acutely triangular apices. These varia- 
tions in form do not appear to be seasonal. Regard- 
less of shape, leading shoot apices generally show 
the same topographic location of the cytohistologi- 
cal zones. Differences occur mainly in the relative 
proportions of the apex occupied by the various 
zones. For example, the hemispherical form shows 
a predominance in anticlinal divisions along the 
periphery of the apex (tending to form a surface 
layer over it) and a decrease in the axial 1 extent 
of the central mother cell zone. The triangular apex 
shows a great many periclines in the apical initial 
group and an increased development axially of the 
central mother cell zone. 

It is interesting to note, in this connection, that 
the majority of lateral branchlet apices studied 
were characterized by the hemispherical apex and 
the accompanying features noted above. Also, in 
these apices maturation of the pith cells takes place 
earlier than in the leaders (observed also by Crafts, 
1943), and there is not so extensive a development 
of rib-meristem — see discussion on pith, below. 

Origin and growth of the pith . — The pith mother 
cells are larger and more lightly-staining than their 
predecessors in the eumeristem. They divide fre- 
quently but not as often as the surrounding cells 

4 The term “axial” is used throughout to indicate a 
direction parallel to the vertical axis of the shoot. 


rib-meristem in the pith. X 108. — Fig. 3. Median longisection of active shoot apex later in the growing season than apex 
of figure 2. Observe the decrease in frequency of cell divisions and the start of wall thickening in the zone of trans- 
verse expansion in the pith. X 108. — Fig. 4. Median longisection of emergent foliar primordium with its procambial 
strand. Note development of light-staining leaf gap area in future axillary region, X 390. — Fig. 5. Median longisec- 
tion of shoot apex near end of period of active growth, showing well-defined central mother cell zone. The bud primor- 
dium on the right flank of the apical cone is supplied with a continuous procambial strand. A lightly-staining “gap” 
area can be seen immediately above this primordium. X 108. — Fig. 6, Summit of apex of figure 5 at higher magnifi- 
cation. Note sharp boundary between central mother cell zone and eumeristem region, which is due to difference in 
size of cells in these two zones as well as difference in their staining properties. A periclinal division is observable in a 
surface cell at the left flank of the apical cone. X 390. — Fig. 7. Median longisection of summit of apical cone of an 
active shoot. The ginkgoid nature of the cytohistological zones is readily observable, X 390.— Fig, 8. Longisection 
through zone of axial elongation in the pith, showing mitoses in two superposed cells about 2500 microns below the 
summit of the apical cone. X 390. — Fig, 9 and 10. Median longisections of dormant shoot apices. The zone of trans- 
verse expansion is well developed. Rib-meristem differentiates almost directly from the central mother ceil zone, 
X 108. 3 
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of the eumeristem “mantle/’ Divisions take place 
in all planes, but the tendency exists for a pre- 
dominantly axial orientation of the spindle figure. 
This tendency becomes stabilized in the developing 
rib-meristem — usually located at some distance be- 
low in the active shoot. It is to be noted, in this 
connection, that there is no sharp demarcation be- 
tween the pith mother cells and the rib-meristem. 
The level at which transverse divisions become 
prominent in the pith region varies with the sea- 
sonal activity of the shoot. In a vigorous shoot, the 
typical rib-meristem develops relatively far down 
in the pith and has a very extensive depth of activ- 
ity. In the less active and dormant shoots, the rib- 
meristem is virtually coincident in appearance with 
the zone of pith mother cells. Hence, in the pith of 
these latter shoots, there are no randomly-oriented 
divisions such as characterize the pith mother cells. 

In the pith mother cells and their derivatives, the 
primary wall begins to undergo some thickening. 
Also it is not unusual for isolated cells to accumu- 
late a heavy deposit of some ergastic substance, 
possibly tanniferous in nature. 

The individual cells experience a definite se- 
quence of size increase immediately below the pith 
mother cells. First, there is an equilateral or iso- 
diametric expansion of the daughter cell until it is 
approximately twice or three times the original 
mother cell’s linear dimensions. The cell is still 
isodiametric or approximately so. About 1 mm. 
below the tip of the shoot, a transverse expansion 
sets in gradually. There is no decrease in cell 
height. The amount of expansion generally is to 
about two or three times the former cell width 
(fig. 1, 3, 5, 9, 10). This “zone of transverse ex- 
pansion” is of variable extent (depending on the 
vigor of the shoot growth), ranging from to 2 
mm. in depth. Generally this expansion establishes 
the ultimate width of the pith in the stem. At this 
level, the growing region of the stem has been 
widened by the resultant tissue expansion, and even 
the procambial strands can be seen to be bowed 
outwardly. The expansion is limited to the cells of 
the pith — it is absent from the cortex. 

A vertical elongation then takes place which re- 
establishes the original isodiametric form of the 
cell (fig. 8). This elongation is achieved at about 
4 mm. below the summit of the shoot. The com- 
bined effect of transverse expansion and vertical 
elongation is to change the original polyhedral 
form of the pith mother cells to a much larger 
cylindrical one, in which the height is equal ap- 
proximately to the diameter of the base. 

The pith in the leading shoot of Sequoia shows 
some interesting features which render it rather 
unique among conifers. As Cross (1943a) has men- 
tioned, there is a very much delayed maturation of 
the pith cells. This seems to be true also of Cun - 
ninghamia, as observed by Cross (1942). Marked 
vaeuolation, as a rule, occurs only below the pith 
mother cells, and nowhere does it ever reach above 
the level of insertion of the youngest leaf primor- 


dium. The cells gradually become vacuolate in the 
pith proper, with few immediately attaining full 
size or becoming filled with ergastic material. In 
the active shoot, the rib-meristem region extends 
far down in the pith. 

Mitoses .occur throughout the rib-meristem zone 
and are present in the zone of transverse expan- 
sion. They are rarer in the zone of vertical elonga- 
tion but do occur at relatively great distances be- 
low the summit of the apical cone (2 and 3 mm. 
in many apices). Many dividing cells in this zone 
of vertical elongation show the development of the 
kinoplasmosome (its fibrils are clearly delineated 
at the edge of the growing cell plate) in the forma- 
tion of the new cell plate. (See Sinnott and Bloch, 
1941). Virtually all these mitoses have the long 
axis of the spindle figure oriented parallel to the 
shoot axis (fig. 8). 

Origin and development of foliage leaves . — At the 
shoot apex, the leaves arise in a sort of “rosette,” 
as Koch (1891) calls it, about the lower flanks of 
the apical cone. The apex is devoid of protuber- 
ances for about 130 g to 180 g below the tip. The 
primordia arise in predetermined order in various 
phyllotaetic series. (The word “predetermined” is 
used advisedly, as will be seen in a later paper.) In 
terms of cellular pattern, the origin of a leaf pri- 
mordium in Sequoia follows the same general pro- 
cedure outlined by Cross in his studies of other 
taxodes. The surface cells at the point of emer- 
gence usually do not undergo periclinal divisions. 
The raising of the primordium from the buttress 
is accomplished by periclinal sub-epidermal activity 
(fig. 2, 4, 9). In a few instances, however, peri- 
dines have been observed in the surface layer of 
the emergent primordium. (This has been seen in 
occasional young bud primordia also.) These peri- 
clinal divisions in the surface layer are by no means 
prominent, and some may actually be configurations 
evoked by a fortuitous oblique division cut per- 
pendicularly by the microtome blade. 

It is important to note that soon after the emer- 
gence of a primordium, the area between its axil 
and the pith mother cell region becomes vacuolate, 
seemingly in an acropetal direction. This vacuo- 
lated area appears to be the forerunner of the 
future leaf gap. Majumdar (1942) also observes 
the basifugal development of the gap area, and 
Esau (1942) shows early differentiation of this 
region in her figures 1 , 2, and 4. This adaxial 
vaeuolation is seen when the primordium is but 
30 g to 40 g high and occurs in the eumeristem zone 
of the shoot apex itself (fig. 4, 5). 

Possibly the procambial strand (which is pres- 
ent at an early stage) exerts some sort of physio- 
chemical influence centripetally, causing the eumeri- 
stem cells proximal to this strand to differentiate 
'(i.e., become vacuolate) when the primordium is 
but three or four cells high. This strip of vacuolate 
cells is possibly the earliest appearance of the 
foliar gap, which widens soon to provide a perma- 
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nent change in the course of differentiation of the These cells are tangentially elongated and are ar- 
vascular tissue. ranged in the form of an inwardly bowed arc. The 

The apex of the emergent leaf does not have the cells stain densely and soon acquire thick walls, 
lightly-staining central mother cell zone so con- The tissue extends inward and downward into the 
spicuous in the shoot apex. The cells of the foliar shoot proper, disappearing a few hundred mi era 
apex all seem to consist of the eumeristem tissue below the axillary region. 

from which they took their origin (fig. 2, 9, 10). Schmidt (1924) has called attention to the “shell- 
Although initially growth seems to be impelled by like” zones associated with the emergence of bud 
hypodermal divisions (with the surface layer mere- primordia. These zones are said to be non-procam- 
ly experiencing anticlinal divisions in this emer- bial tissue zones of elongated cells (as seen in 
gence), eventually apical growth of the primordium longisection) which curve about the base of the 
becomes localized for a very short time in a few primordium, serving to raise the primordium by 
surface cells. These cells undergo periclinal divi- successive tangential divisions. They are described 
sions principally, to give the leaf apex a pointed as being “akrofugal” in development. Koch ( 1891 ) 
aspect which is maintained permanently by virtue and Esau (1942) have mentioned similar cell con- 
of an early maturation of that apex. Subsequent to figurations seen in the shoot apex, although not in 
that maturation, the sub-apical cells at the tip and respect to bud primordia, and have emphasized 
the cells in the middle of the leaf undergo active their transitory nature. Reeve (1943) has described 

divisions to produce extensive intercalary growth. the shell-like zone in Garry a in connection with 

( cf. Cross, 1940, 1942). the raising of the axillary bud and has shown the 

Origin and development of hud primordia . — zone's independence of the proeambium. (See also 
Because of the crowded appearance of the primor- Hsu, 1944, fig. 11, 14). 

dia in longisection, only two criteria have been Although the cell pattern described above seems 
found for the determination of the nature of the to be related to axillary bud emergence in the dicot- 
emergent primordium. One criterion is the direc- yledons studied by Reeve (1943) and Schmidt 
tion of growth, and the other is the form of the (1924), there does not seem to be such a connection 

new member. The nascent leaf primordium develops in the studies of Koch (1891) on conifers, of Esau 

a large buttress and, when only a few cells high, (1942) on Linum , or of the present investigation 

begins to grow upwardly. The emergent bud pri- on Sequoia. Further investigation remains to be 
mordium, however, develops laterally. In addition, undertaken to clarify the relationship of this cell 
the bud assumes a hemispherical form when about pattern with the other growth processes in the 
five cells high (fig. 5). At the same height, the leaf shoot apex. 

primordium is already starting to develop a pointed Cytohistology of the “dormant” shoot. — The 
apex (fig. 10, on left flank of apical cone). above observations have referred to the active shoot 

In transection, the young leaf primordium is cir- apex. During the active growing season, approxi- 
cular while the emergent bud primordium is spin- mately from March through September, leaves are 
dle-shaped, its long axis parallel to the tangent of produced in rapid succession. The approach of dor- 
the shoot at the point of emergence. The first ap- mancy brings few changes to the structure of the 
pearance of the bud is an undifferentiated mass of terminal bud. One significant change is the transi- 
highly meristematic cells in the axil of the sub- tion from foliage to cataphyllary leaves about June 
tending leaf. At its earliest recognizable stage, it or July. The cataphyll is marked by an early cessa- 
is already lenticular in cross-section. As the bud tion of intercalary growth. Also, the epidermal cells 
meristem enlarges, two leaf primordia differen- seem to be vacuolate at an early stage. Vascular 
tiate at opposite ends of the long axis of the “spin- tissue is present, as is also transfusion tissue. The 
die” to become the prophylls of the new bud. mesophyll parenchyma matures early, and its cells 

In contrast to the unstratified nature of the shoot become filled with ergastie material. On the whole, 
apex, leaf and bud primordia initially grow with a the cataphylls appear to resemble foliage leaves 
discrete surface layer. As noted earlier, however, arrested during their development (fig. 9 and 10). 
occasional periclines may occur in both structures. The fact that dormancy in Sequoia is incomplete 

Longisections occasionally show tissue zones of is also seen in the occurrence of mitoses throughout 

vertically elongated cells. These cells are seen in the apex and even in the cataphylls of dormant 
the form of arcs curving about the base of the bud buds collected as late as December and January, 
primordium, their concave “surface” facing the Although it is true that these mitoses are rare and 
primordium. Configurations such as this have also that the majority of cells have spherical, resting 
been noted in the apical cone without reference to nuclei, still the presence of mitoses does indicate a 
the presence of bud primordia. The cells of this growth activity in Sequoia that persists throughout 
tissue are tabular, like those of the procambium, all seasons. The fact that the climate in the San 
but appear to be unconnected with the procambium Francisco Bay area is comparatively mild the year 
of the leaf traces in most cases. round may account for the pseudo-dormancy of the 

In transection there can be seen zones of cells apex, 
in the axils of both leaf and bud primordia which Another conspicuous feature of the dormant shoot 

may be related to the tissue zones described above. is the heavy thickening of the pith cell walls in the 
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region of transverse expansion (fig. 9, 10). This 
thickening, anisotropic in polarized light, occurs 
coincidentally with the formation of cataphylls by 
the shoot apex. At the conclusion of the wall-thick- 
ening process, the walls of these cells are about ten 
times their previous width and resemble the walls 
in the “Kollenchymplatte” (Korody, 1937) or 
“crown” of dormant abietinous buds. (See also 
Busse, 1893; Lewis and Dowding, 1924; Kemp, 
1943, for comparable observations and speculation 
upon the nature of wall thickening occurring in the 
zone of transversely expanded cells.) 

Slightly before the walls begin to thicken, the 
cells of this zone expand rather abruptly in the 
transverse plane, and to a greater extent than in 
the active shoot, so that the width of the cells be- 
comes three or four times greater than the height. 
The vascular strands about this zone become con- 
spicuously bowed. The pith cells located above this 
zone maintain their normal aspect and do not un- 
dergo any notable wall thickening. The wall thick- 
ening is initiated in the zone of transverse expan- 
sion and extends downward for about 1 mm. below 
that zone. Farther down, the pith cells are thin- 
walled. Ergastic substances are abundant in the 
cells of the pith throughout all its extent, including 
the zone of transverse expansion. They are present 
to a lesser extent in the pith mother cells and the 
very young rib-meristem. 

With increasing dormancy, the rib-meristem tends 
to become more limited in extent and differentiated 
higher and higher in the shoot until, in the fully 
dormant apex, this tissue is virtually coincident 
with the eumeristem (fig. 9, 10). It will be recalled 
that at the beginning of spring growth, however, 
the rib-meristem is differentiated only far below 
the pith mother cell zone and that the zone of trans- 
verse expansion is but partially developed (fig. 2, 
3, 5-7). The observations on these pith zones leads 
to the necessary conclusion that there is a relative, 
rather than absolute, point of inception and extent 
of development of the various zones in the apex. 
Thus, the more vigorous the shoot growth, the less 
is the amount of transverse expansion and the more 
the amount of vertical elongation, accompanied by 
a greater, although delayed, development of the 
rib-meristem. Conversely, the onset of dormancy 
produces the opposite tendency. 

Finally, it is important to note that in the dor- 
mant bud of Sequoia , there is no telescoping of the 
shoot of the following season, as occurs in Torreya 
and the Abietaceae. The apex of the dormant 
Sequoia bud presents the appearance of having 
been arrested during the process of active growth 
(fig. 9, 10). As in Pinus montana (Korody, 1937), 
the apex appears the same the year round ; there are 
no differing stages in the general morphology of 
the shoot apex during the growing season. 

Discussion. — Cross (1939, 1941, 1942, 1943a, b) 
has discussed the structure of the shoot apex in the 
Taxodiaceae, reviewing the older works on the 
subject at the same time. He comes to the conclu- 


sion that the apex consists, in general, of an apical 
initial group giving rise to a protoderm by anti- 
clinal divisions. From the sub-apical mother cells 
there are produced a cylinder of peripheral meri- 
stem and a core of pith mother cells. Cross (1943a) 
stresses that very occasional periclinal divisions 
may occur in the Sequoia “protoderm” on the api- 
cal flanks and that in this species the frequency of 
periclinal divisions in the apical initials appears to 
fluctuate seasonally. Cross (1943b) also indicates 
that in all the taxodes the pith mother cells (in the 
form of small files of rib-meristem) differentiate 
directly from the sub-apical mother cells. 

It is evident from the present findings that there 
is no indication of ain independent protoderm (ex- 
cept in lateral buds) in the shoot apex of Sequoia 
sempervirens . Periclinal divisions have been found 
in the apical initials and along the flanks of the 
apical cone in great enough numbers to invalidate 
this interpretation. The anticlinal derivatives of 
the apical initials may be said to have a tendency 
toward forming a discrete layer, but this tendency 
is not often fully expressed. 

In connection with the relationship between sub- 
apical initials and pith mother cells, Cross’ descrip- 
tion of the leading shoot apex of Sequoia seems to 
correspond to the writer’s observations on the 
apices of lateral branches. Cross’ illustrations show 
vacuolated pith immediately below the sub-apical 
mother cells. The present work gives an entirely 
different picture of tissue organization in the apex 
of leading shoots: there is a lightly-staining zone 
of rather inactive, large cells with thick walls and 
heavy deposits in the cell interstices occupying the 
tip of the shoot beneath the apical initials. Below 
and laterally, this zone produces small cells, with 
denser cytoplasm, deeply-staining nuclei, higher 
nucleo-cytoplasmic ratio, and thinner walls — the 
typical eumeristem of Kaplan (1937). The whole 
aspect of central mother cells and eumeristem is 
suggestive of the situation in GinJcgo (Foster, 
1938), the cycads (Foster, 1939a, 1940, 1941b, 
1913), some cacti (Boke, 1941), Phoenix (Ball, 
1941b), and Sinocalamus (Hsu, 1944). 

Foster (1938, 1941a) has analyzed the ginkgoid 
situation as differing from that of the “typical” 
conifer in that the undifferentiated sub-apical 
mother cells in the latter develop into pith mother 
cells by progressive vacuolation, whereas in Ginkgo , 
the central mother cell group represents an inter- 
polation between the apical initials and the active 
rib-meristem of the pith. The same, in more exag- 
gerated development, was found true in the cycads 
(Foster, 1939a, 1940, 1941b, 1943). Taken from 
this point of view, the Sequoia apex preserves more 
of the ginkgoid structure than do other conifers 
described in recent cytohistological treatments. Its 
structure might be considered intermediate between 
the ginkgoid and abietinous types. 

By contrast. Cross (1943a, b) found in Sequoia 
and other Taxodiaceae that the sub-apical mother 
cells could be distinguished from their neighbors 
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only by position, isodiametric shape, and irregular 
planes of division — in Sequoia the walls of the 
mother cells were often irregularly thickened. Al- 
though the Sequoia apices in the present investiga- 
tion differ in the extent to which the different zones 
are developed, in the majority of them the central 
mother cell zone has the distinctive features noted 
in Ginkgo. 

The delayed differentiation of the pith, i.e., de- 
layed vacuolation and retarded development of the 
rib-meristem, in active shoot apices of Sequoia is 
apparently uncommon among other conifers. The 
most nearly related condition reported in the litera- 
ture is that of Cunninghamia as explored by Cross 
(1942). (This species also resembles Sequoia in the 
abundance of periclines in the apical initials and 
the comparative inactivity of the sub-apical mother 
cells.) Contrary to Cross" (1943b) conclusion that 
the Taxodiaceae differ from the Abietaceae in pos- 
sessing only a relatively short zone of rib-meristem, 
in Sequoia sempervirens this zone is very extensive 
and strongly developed and contributes, very likely, 
to the significant amount of growth in height that 
takes place during the year. 

Various descriptions of the cell configuration in 
the shoot apex of Sequoia sempervirens occur in the 
literature. These descriptions range from that of an 
apical cell initial (Douliot, 1890) to that of an 
independent continuous protoderm layer overlying 
two layers of periblem (Campbell, 1940). Over- 
emphasis on the mechanics of cellular configuration 
at the shoot apex and strict adherence to a theory 
of limited descriptive convenience have led some 
writers to homologize the whole conifer shoot apex 
with the inner portion of an angiospermous apex 
(Buder, 1928; Korody, 1937). This tendency has 
been criticized by Cross (1939) and Foster 
(1939b). 

The fact that in conifers all variants of apical 
cell group aspects, from an apparently dominant 
apical cell to a seemingly discrete surface layer, 
may occur as transitory phenomena, would seem to 
deny the importance placed hitherto upon the spe- 
cific cell arrangement in the shoot apex by various 
investigators. “Obviously/" as Foster (1939b) says, 
“a more realistic cytological picture of the meristem 
is indispensable for any true insight into problems 
of growth and differentiation.” However, even the 
application of the cytohistological approach to these 
problems must be undertaken witli a clear idea of 
the variability ’ within the plants studied. All the 
facets of behavior must be sought out by means of 
a comprehensive sampling of the material through- 
out the season of growth. Careful technical treat- 
ment is essential in preserving features which could 
be obliterated by crude processing. 

SUMMARY 

The apex of the leading shoot of Sequoia sem- 
pervirens has a ginkgoid zonation. Apical initials 
divide anticlinally and periclinally to produce a 
central mother cell zone, the cells of which are 


larger and more vacuolate, have thicker walls, and 
undergo fewer mitoses than the cells of the sub- 
jacent-zone. This subjacent zone is composed of 
eumeristem cells which have arisen from the base 
and sides of the central mother cell zone by a re- 
newal of mitotic activity. Pith mother cells differ- 
entiate from the eumeristem cells in the center of 
the shoot. The level of appearance and extent of 
development of the rib-meristem in the pith appears 
to depend upon the state of activity of the apex. 

In dormant shoots there is a prominent “crown” 
of transversely expanded cells with thickened walls 
in the pith. This crown separates the apex from 
the rest of the shoot. There is no telescoping of the 
shoot of the following season in the dormant hud. 

When the leaf primordium is but a few cells high, 
the future “gap” area begins to develop adaxiallv 
to the procambial strand of the primordium. Al- 
though the foliar and bud primordia both are pro- 
duced principally by subepidermal perielinal activ- 
ity, the young bud maintains a hemispherical form 
in longisection in its early development while the 
nascent leaf develops a pointed apex when about 
five or six cells high. In transection, the bud pri- 
mordium is shaped like a spindle, at each pole of 
which a prophvll arises. 
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THE CALCULATION OF TENSIONS IN CUCURBITA PEPO 1 

C. Ralph Stocking 


In spite of the occasional objections raised 
against it (Peirce, 1936; Priestley, 1935; Wood- 
house, 1933), the cohesion theory of water move- 
ment in plants, based on the classical researches of 
Dixon and Joly (1894) and Askenasy (1895), has 
gained almost universal acceptance by plant physi- 
ologists, The theory as generally accepted proposes 
that water is able to move through plants by reason 
of its cohesion and continuity and that such move- 
ment is conditioned by the existence of factors 
causing differences in the diffusion pressure 
(Meyer, 1938) of water between points in the con- 
tinuous water mass of the plant body and its imme- 
diate environment: the soil and the atmosphere. 
Forces of cohesion in the water and of adhesion 
between the water and the walls permit the main- 
tenance of liquid continuity under conditions of 
greatly reduced pressure and prevent by the action 
of surface tension the penetration of undissolved 

1 Received for publication November 11, 1944. 

The author is indebted to Dr. A, S. Crafts for his inter- 
est and guidance, to Dr. F. Veihmeyer for helpful criti- 
cism, and to the Division of Botany, University of Cali- 
fornia at Davis, for research facilities during the course 
of this investigation. 


gas through wet cellulose walls. Often there is set 
up a state of reduced pressure or tension in the non- 
living xylem elements extending downward from the 
leaves. Crafts (1939) has pointed out that water 
under tension in the xylem is in a metastable state, 
the stability of the system depending upon the fact 
that there are no unwet surfaces upon which a vapor 
phase may be initiated. 

Difficulties in technique have thus far prevented 
the direct measurement of tensions which according 
to this theory are developed within the xylem. The 
use of manometers attached directly to cut branches, 
stumps^ and stems entails a disruption of the con- 
ducting tracts, and even when special precautions 
are taken to remove all gas from the tissue the maxi- 
mum tensions recorded have been less than 2 atmos- 
pheres (Bohm, 1892; Thut, 1932). Dixon (1924) 
calculated that tensions of at least 23 atmospheres 
were required to raise water in tall trees while den- 
drographic experiments have been cited as indicat- 
ing the probable existence of tensions as high as 
200 atmospheres (MacDougal, Overton and Smith, 
1929). Preston (1938) calculated from the rate of 
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injection of dye solutions into an ash stem that the ard models of the refractometer were made to eon- 
tensions were of the order of 3 atmospheres. vert all readings to 28°C. If the osmotic pressure 

Renner, using potometers (1911, 1912), esti- of the solution were desired at any temperature 

mated the normal tensions to be 1.0 to 1.5 atmos- other than that given on the graph, corrections 
pheres in well watered plants with an extreme of could be made by use of the data of .Morris, Hoi™ 

5 atmospheres, 10 to 20 atmospheres in wilted land, Meyers, Cash, and Zinn found in the Inter- 
leaves and 1 atmosphere in plants growing in cul- national Critical Tables (1936). 
ture solution. Nordhausen (1921), unable to place Inasmuch as water moves along diffusion pres- 
confidence in these results, used a similar but modi- sure gradients, the limits of tension developed in 
fied technique and reported tensions of 3 to 4 at- the xylem sap at any one point in the plant could 
mospheres in trees and 7 to 8 atmospheres in cut be calculated if the diffusion pressure deficit 

shoots. Recently Eaton (1941) used a modification (DPD) of water in the adjacent living cells could 

of Renner’s technique and reported an average be determined. Pure sucrose solutions of known 
tension of 3.55 atmospheres for a water culture concentration were injected directly into the hol- 
plant. low spaces in the petioles of squash leaves in these 

Estimates of tensions based on a knowledge of experiments and changes in the concentrations of 
the rates of exudation from stumps under known the solutions were studied. When the injected solu- 
sub-atmospheric pressures and of the rates of trans- tion increased or decreased in concentration, the 
piration of intact plants were made by Warne diffusion pressure deficit of water in the tissue lin- 
(1942). These estimates varied, ranging from ten- ing the petiole cavity was respectively greater or 
sions, under conditions of high transpiration, of less than that of the test solution. If a rapid pene- 
1.21 atmospheres for Pelargonium to 13.12 atmos- tration of sucrose into the living cells or a diffu- 
plieres for Erica. sion of solutes out of them occurred, the above 

Holle (1915) pointed out that vessels in wilted statement would not be true. The entry of sucrose 
leaves of AUiaria officinalis were full of water as into the living leaf cells was studied by the half 
shown by direct observation and contended that leaf method described below but no determinations 
under such conditions the tension of the vessel sap were made on possible diffusion of solutes out of 
must be equal to the osmotic pressure of the meso- the cells. 

phyll cells. Numerous plasmolytic measurements Injection was accomplished by means of medicine 
reporting values of 0 to 20 atmospheres have been droppers whose tips were drawn out into fine capil- 
made of “suction tensions” of cells in various plant laries. Prior to injection two small holes about 1 
parts (Beck, 1928; Ursprung, 1935) but have been mm. in diameter were pushed through the petiole 
severely criticized (Ernest, 1934; Oppenheimer, between two vascular bundles, entering the air 
1930). space near either end of the petiole. These holes 

This paper is the result of an investigation de- were covered with vaseline to plug any xylem ves- 
signed to develop a new method of calculating the sels which might have been injured. This was a 
magnitudes and fluctuations of tensions produced necessary precaution, since an injured vessel tended 
in the xylem of intact squash plants during normal to draw solution into it. Two holes were advisable 
growth in the field as well as in culture solutions since injection of liquid into the lower would force 

and under conditions of extreme wilting. air out of the upper, preventing leakage of liquid 

Materials and methods. — The experiments de- around the point of injection. The capillary was 
scribed were conducted with Hubbard and Danish placed through the lower hole entering the inner 
squash plants, Cucurbita pepo , grown in water cul- space and the desired amount of sugar solution 
ture and in soil. Modified Hoagland’s solution con- (usually 1 to 2 ml.) of known osmotic pressure was 
taining traces of minor elements was used. The soil injected directly into the air chamber. The capillary 
used for soil-grown plants was a light greenhouse was then removed and both holes sealed with vase- 
mixture of Yolo loam, sand and peat. Some experi- line. Small samples (2 or 3 drops) of solution could 
ments were performed on field-grown plants. be removed from the air chamber at will by insert- 

In order rapidly to determine changes in the ing the capillary in the lower hole. Changes in the 
osmotic pressure of various pure sugar solutions osmotic pressure of the injected solution were then 
used in these experiments, a Zeiss hand sugar re- determined by taking a refractometer reading of 
fractometer was employed. This instrument has a the sample and referring to the standardization 
scale which, reads from 0 to 30 per cent dry matter graph, 

and can be read accurately to 0.1 per cent. It was In the earlier experiments the injected petioles 
standardized by use of pure sucrose solutions of were covered with a thin coat of vaseline to pre- 
known osmotic pressure. A graph showing the vent an exchange of gas through the tissue to the 
actual osmotic pressure at 20°C. to 25 °C. of sucrose inner space. In order that the rate of exchange of 
solutions corresponding to refractometer readings gas through the petiole might be determined, a 
at 28 °C. was made. Inasmuch as the refractometer squash leaf with a petiole 20 cm. long was attached 
reading varies with temperature, appropriate cor- to a manometer so that the manometer recorded the 
rection by use of the International Table of Tem- air pressure in the petiole. Pressure was applied 
perature Corrections issued in 1936 for the stand- until a manometer reading of 55 cm. of mercury 
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was obtained. Air was forced through the leaf and 
petiole under this pressure at a rate of 30 ml. per 
hour. During this slow passage, air from the hol- 
low petiole was found to be expelled to the outside 
chiefly through the lenticels when the leaf was im- 
mersed in water. Such a slow rate of gas movement 
under a pressure drop of 55 cm. of mercury is in 
contrast to the findings by Glasstone (1942) of 
very high rates of air movement through plants. 

Such a slow rate of penetration of gas through 
the walls of the petiole indicated a high resistance 
to gaseous exchange through intercellular spaces. 
Consequently the vapor pressure of the gas in the 
hollow petiole should be in approximate equilibrium 
with the water in the cell walls lining the cavity 
and would not be directly influenced by the exter- 
nal atmosphere. 

Rapid absorption of the sucrose by the living 
cells resulting in an increase in the osmotic pres- 
sure of the xylem sap would constitute a serious 
error in the method. This would cause the calcu- 
lated tension to be higher than the actual tension. 


To test this possibility, two vigorous squash plants 
about six feet long, growing in culture solution 
were selected. The petioles of ten leaves on plant 1 
and six leaves on plant 2 were covered with a thin 
layer of vaseline and every other leaf was injected 
with approximately 2 ml. of a sucrose solution hav- 
ing an osmotic pressure of 9.3 atmospheres. The 
injection was done at 11:00 a.m. Immediately the 
laminae of all the leaves were bisected lengthwise 
and half of each lamina was removed from the 
plant, placed in a vial, and immediately frozen for 
later osmotic pressure measurements. The remain- 
ing halves of the leaf blades were left on the plants. 
At intervals of 3, 6, 22, and 46 hours after injection, 
the remaining halves of the laminae of two injected 
and two non-in jected leaves were collected and 
their osmotic pressures determined. This process 
constitutes a method of comparing the change in 
osmotic pressure of the expressed sap from the 
lamina of an injected leaf during an extended time 
period with the change occurring in a non-injected 
leaf under otherwise similar conditions. The osmotic 


Table 1. The effect of injection of petioles with sugar solutions on the osmotic pressure of leaf sap, July , 191$, Osmotic 
pressure expressed in atmospheres at 28*/%° 0. Bach osmotic pressure measurement was made on half of the leaf 
lamina. 



Osmotic pressure of leaf sap 



Osmotic pressure of injection solution 


Leaf 


Gain or 


July 22 


July 23 

July 24 

No. 

Initial 

Final 

loss 

11:00 a.m. 

2:00 p.m. 

5:00 p.m. 

8:30 a.m. 2:45 p.m. 

8:45 a.m. 





Plant 

No. 1 





July S3 

July 22 








10:30 a.m. 

2:00 p.m. 







1 

7.71 

8.68 + 

0.97 






2* 

8.23 

9.01 + 

0.78 

9.3 

4.8 




3 

7.48 

9.01 + 

1.53 






4 a 

7.84 

8.36 + 

0.52 

9.3 

5.1 





July 22 

July 22 








10:30" a.m. 

5:00 p.m. 







5 

8.03 

8.23 +. 

0.20 






6 a 

8.23 

8,49 + 

0,26 

9.3 

5.0 

4.5 



7 

8.49 

8.49 

0.00 






8 ft 

.. 7.57 

9.80 + 

2.23 

9.3 

5.2 

4.4 




July 22 

July 23 








10:30 a.m. 

9:00 a.m. 







9 

8.36 

8.49 -j - 

0.13 






10 a 

8.29 

8.10 — 

0.19 

9.3 

5.3 

4.5 

2.5 






Plant 

No. 2 





July 22 

July 23 








10:30 a.m. 

9 :00 a.m. 







1 

9.08 

7.31 — 

1.77 






aa 

8.16 

7.18 — 

0.98 

9.3 

4.5 

4.3 

1.7 ' 



July 22 

July 24 








10:30 a.m. 

9:00 a.m. 







3 

7.51 

7.64 + 

0.13 






4 !l 

8.23 

7.18 — 

1.05 

9.3 

4.5 

4.4 

1.7 - ...... 

1.5 

5 

8.23 

7.05 — 

1.18 






6 !l 

9.34 

7.71 — 

1.63 

9.3 

5.1 

4.6 

2.4 3.5 

2.3 


51 Petiole injected 11:00 a.m., July 22. 
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pressures reported for the leaves are values for 
the expressed sap determined by immediately freez- 
ing the tissue, expressing the sap, and determining 
the osmotic pressure cryoscopically. Currier (1944) 
has described the semi-microcryoscopic method em- 
ployed in these determinations. 

Table 1 shows that injection of the petioles with 
sugar solutions did not in this case significantly 
increase the osmotic pressure of the laminae. The 
gain in OP by leaf 8, plant 1, deviates significantly 
from the value found in the other three leaves of 
this group and this may result from the absorption 
of sugar; but leaf 3, plant 1, also shows a similar 
deviation from its group, although the petiole in 
this case was not injected. Such individual varia- 
tions in the osmotic pressure of leaf laminae are 
probably due to differences in exposure of the lami- 
nae and the treated leaves do not show consistently 
higher osmotic pressures as would be expected if 
the sucrose solutions were rapidly absorbed and 
transported to the blades. 

Experimental results. — Diffusion pressure defi- 
cits in field-grown squash plants. — Reference to 
figure 1 shows the changes in the osmotic pressures 
of sugar solutions injected into the hollow petioles 
of Acorn squash plants growing in the field near a 
small creek. The plants whose stems extended from 





Fig. 1. Changes in the osmotic pressures of sugar solu- 
tions injected into the petioles of soil grown Acorn squash. 


nine to twelve feet were not watered at any time. 
Approximately three feet from the tip of each plant 
two leaves separated by an untreated leaf were se- 
lected for the determination. At 11:15 a.m. on 
July 2 one petiole of each plant was injected with 
a solution which had an osmotic pressure of 12,3 
atmospheres and the other with a solution having 
an osmotic pressure of 1.8 atmospheres. The peti- 
oles were completely covered with vaseline and 
small samples of solution were taken at the time 


intervals indicated in figure 1 for determination of 
changes in osmotic pressure. 

Similar results were obtained on all three plants. 
Immediately after injection the solutions very rap- 
idly approached each other in concentration. At 
2:00 p.m. the lower concentration in plant 1 had 
increased to 2.8 atmospheres by the diffusion of 
water into the tissue. At the same time the high 
concentration had become diluted from 12.3 to 4,5 
atmospheres. This indicates that the diffusion pres- 
sure deficit of the tissue bathed by these solutions 



Fig. 2 . Changes in the osmotic pressures of sugar solu- 
tions injected into the petioles of a Hubbard squash plant 
growing in culture solution. 


was at that time less than 4.5 atmospheres and 
more than 2.8 atmospheres. Further observation 
showed a continued increase in concentration of the 
dilute solution to 3.7 atmospheres at 4:45 p.m. and 
only a slight drop to 4.4 atmospheres in the more 
concentrated solution. The DPI) of the inner tissue 
of the petioles must have been somewhere between 
these two values at 4:45 p.m. At this time it was 
noted that the plants showed a slight transient 
wilting of all the leaves. Recovery from this wilt- 
ing was observed to have occurred at 6:50 p.m. 
Correlated with this there had been a movement of 
water out of the cells of both petioles into the solu- 
tions, causing them to become diluted to 3.1 and 
3.9 atmospheres respectively. This means that the 
DPI) of the tissue had fallen from the higher values 
previously observed to these, or lower values. 

The following morning both solutions, which had 
become diluted overnight when the DPD of the 
tissue was undoubtedly low, gradually increased in 
concentration as the day progressed, reaching a 
value approximately equal to that of the previous 
day. Although the DPI) of the injected solution 
probably lags behind the DPD of the tissue when 
the latter is changing rapidly, the rapid change in 
concentration noted at the beginning of the experi- 
ment indicated that these solutions quickly ap- 
proached the DPI) of the tissue. 

Diffusion pressure deficit in 'Culture solution 
squash. — Figure 2 shows the variation in concen- 
tration of sugar solutions injected into the petioles 
of a five-week-old squash plant growing in culture 
solution in the greenhouse. Before the treatment 
the plant had been brought into the laboratory. 
Three of its petioles were injected at 9:00 a.m, with 
sugar solution of an osmotic pressure of 2.4 atmos* 
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pheres. This concentration dropped after injection 
to 2.2 atmospheres and then rose to 2.8 atmospheres 
where it remained until 2:10 p.m. During this time 
the plant had been in the relatively constant envi- 
ronment of the laboratory where the light intensity 
was low and the humidity was high. As a result of 
being placed outside in the sun for 20 minutes at 
2:10 p.m. the plant, which had been grown under 
more moderate conditions, began to wilt. 

The increased water deficit which resulted in in- 
creased tensions on the xylem contents was reflected 
in the sharp rise in the concentration of the in- 



Fig. 3. Changes in the osmotic pressures of sugar solu- 
tions injected into the petioles of a Hubbard squash dur- 
ing wilting. 


jected solutions from which water moved into the 
stem. There was an appreciable lag, however, in 
the concentrating of the injected solutions. A great- 
er increase in concentration of solution in leaf 2 
(not shown) resulted, probably from the fact that 
the volume of solution in this case was smaller than 
in leaf 1 and equilibrium could be more nearly 
established between the tissue and the bathing 
solution. 

The solution in leaf 1 increased in concentration 
after the plant had been brought back into the 
laboratory until 4:03 p.m. At 3:00 p.m. the leaf 
was observed to be recovering and the concentra- 
tion of the solution did not change appreciably un- 
til after 4:00 p.m. when it decreased to an osmotic 
pressure of 2.7 atmospheres at 7:00 p.m. 

On the following morning leaf 1 was reinjected 
with a sugar solution OP 1.8 and leaf 2 with a solu- 
tion OP 11.5. There was a very rapid drop in con- 
centration of the solution in leaf 2 and only a slow 
increase in solution 1, indicating a DPD of less 
than 3 atmospheres. 

Diffusion pressure deficit in squash plants dur- 
ing wilting . — Another squash plant growing in cul- 
ture solution was brought into the laboratory, re- 
moved from the solution and allowed to wilt under 
the moderate conditions of the laboratory. The 
gradual increase in the osmotic pressures of sugar 
solutions injected into the petiole of leaf 1 is shown 
in figure 3. Five hours after the original injection 
the solution had increased from 2.5 to 7.4 atmos- 
pheres osmotic pressure. At this time the solution 
in the petiole was exhausted and a solution of OP 


5.5 was injected into the petiole as shown by the 
break in the graph (figure 3A). Extrapolation indi- 
cates that the original solution was increasing in 
concentration at a rate that would have caused it 
to have an osmotic pressure equal to the final OP 
of the solution injected later had reinjection not 
been necessary. Ten hours after the wilting had 
begun the concentration of solutions in leaves 1 and 
2 (not shown) indicated diffusion pressure deficits 
at least as high as 9.2 atmospheres and 8.3 atmos- 
pheres respectively. When these leaves were in- 
jected the following morning with solutions having 
a DPD of 12.0 atmospheres (fig. 3B) water moved 
from the petioles into these solutions which became 
diluted. Diffusion pressure deficits at least as low 
as 10.5 atmospheres and 10.8 atmospheres respec- 
tively were indicated in leaves 1 and 2 at this time. 

Indication that these values approach equilib- 
rium values between the injection solutions and the 
adjacent tissue is found in the fact that the OP of 
the injected solution remained almost constant for 
three hours, which is evidence that the rate of 
change of tensions in the xylem elements was suffi- 
ciently slow at this late stage of wilting to allow 
the injected solution to come into approximate 
equilibrium with the neighboring cells. 



Fig. 4. A, two wilted Hubbard squash plants growing in 
soil before injection of petioles with sugar solutions; 
B, five hours after their petioles had been injected with 
sugar solutions. 

In order to avoid the possibility that decreases 
in concentrations of solutions having high OP and 
increases in concentrations having low OP were 
only a reflection of adjustment between the solu- 
tions through the plant into which they were in- 
jected and not a reflection of the DPD of the plant 
sap, two young squash plants were injected, one 
with solutions of low OP only and the other with 
solutions of high OP. 
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Figure A A shows these two young Hubbard 
squash plant's growing in a pot of soil. Water was 
withheld from the soil and the plants gradually 
allowed to wilt for five days in the laboratory as 
shown. At this time seven petioles (numbered from 


A. 
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After the solutions had been in the petioles five 
hours the plants were again photographed and fig- 
ure IB shows that the treatment did not visibly 
change the turgor of the plants. Reference to fig- 
ure 5 A shows that the solutions in plant If had 
come into approximate equilibrium with the tissue 
of the petioles as the concentration curves had be- 
come almost flat. The DPI) values represented by 
these curves fell between 8. If and 8.9 atmospheres 
in petioles of plant 8. 

13 r 
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Fig. 5. Changes ' in the osmotic pressures of sugar solu- 
tions in jected into soil grown wilted squash plant petioles. 
A, plant 3; B, plant 4. 

tip to base) of plant 3 were injected with a sugar 
solution having an osmotic pressure of 7.8 atmos- 
pheres, and six petioles of plant 4> were injected 
with a solution having an osmotic pressure of 11.7 
atmospheres. Figure 5 shows the changes in the 
concentration of the solutions with time. 


sr.oo i;oq zxoo q\oq 4 *oo 5-00 

A UG R M- 

Fig. 6. Changes in the osmotic pressures of sugar solu- 
tions injected into the petioles of a soil grown wilted 
squash. 

However, only the solutions injected into leaves 
2, 8, and 1 of plant 4 (figure 5B) reached equilib- 
rium with the petiole cells during this interval, 
indicating values of approximately 8.2 to 8.5 at- 
mospheres. Solutions injected into 5 arid 6, which 
were much more wilted than the upper leaves, de- 
creased uniformly and rapidly, but because of the 
great difference between the DPI) of the cells and 
of the injection solution, and because of the large 
volume of solution used for the injections, were 
unable to gain water fast enough from the cells to 
approach equilibrium in this time. The solution 
injected into the tip leaf (leaf 1) increased slightly 
in concentration to 12.7 atmospheres at which time 
all of the solution was exhausted by one deter- 
mination. 

Results of a similar experiment on a squash plant 
which had been in the laboratory for ten days and 
had slowly wilted are given in figure 6. Diffusion 
pressure deficits in the xylem of this plant which 
had slowly wilted were found to be between ap- 
proximately 11,0 and 10.5 atmospheres (except for 
the tip) which is somewhat higher than in the pre- 
vious experiments. These values are of the same 
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order of magnitude as those reported for the wilted 
culture solution plant. 

Discussion. — If there is a direct water contact 
from the xylem to the thin walled parenchyma cells 
lining the cavity in a squash petiole, the diffusion 
pressure of the water in the xylem immediately 
adjacent must approach that in the parenchyma 
particularly when water absorption is slow and 
transpiration is reduced. That there are continuous 
water columns in the xylem of even extremely 
wilted plants was shown by direct observation in 
connection with this investigation (Stocking, 1943) 
as well as by other workers (Bode, 1923; Holle, 
1915). Although the diffusion pressure of water is 
a function of the temperature, the osmotic pres- 
sure, the turgor pressure or tension, surface forces 
(capillarity in the walls bordering on air spaces), 
and any other fields of force which may be acting 
on the water (adsorptive, imbibitional, electrical, 
etc.), the primary factor affecting it in the center 
of tracheary lumina would be the tension in the 
column if water is moved through the plant in ten- 
sile columns as proposed by the cohesion theory. 

Let us consider how the diffusion pressure of 
water in the lumina of non-living tracheary ele- 
ments is affected by the separate factors mentioned 
above. Temperature differences are not significant 
in these experiments. 

The concentration of the xylem exudate from a 
five- week-old squash plant growing in the original 
culture solution from which the other culture solu- 
tion plants were taken was determined by collect- 
ing the exudation from the stump after the top had 
been removed at the cotyledons. The exudate was 
found to have an osmotic pressure of 1.9 atmos- 
pheres as determined cryoscopically. Although it 
is realized that this value is not exact for all of the 
plants at all times, it indicates the low OP of the 
tracheary sap and is in general agreement with the 
low values reported for squash xylem exudations 
(Crafts, 1936). For purpose of calculation it will 
be used in this discussion. 

In these experiments on prostrate plants there 
were no significant differences in the gravitational 
held. The existence of continuous, water columns 
eliminated the possibility of capillarity as a pri- 
mary factor affecting the diffusion pressure of the 
sap except indirectly as a component of imbibi- 
tional forces associated with the wet walls border- 
ing on air spaces. 

Xylem sap is relatively free of colloids but the 
cellulose walls of the elements must present highly 
important adsorptive fields. Woodhouse (1933) 
contended that adsorption can aid in supporting 
the weight of water “so that any hydrostatic pres- 
sure in the tree might be eliminated.” The investi- 
gation of Stamm and co-workers (1934, 1938) in- 
dicates, however, that the forces of adhesion ex- 
tending out from the walls of water-filled • xylem 
elements have little influence upon the bulk of the 
water in these elements. It can be safely assumed 
that similarly in the relatively large-vesseled 


squash, forces of imbibition are not of direct im- 
portance in determining the diffusion pressure of 
water in the lumina centers, but only as they may 
be translated into tensions in this region. Undoubt- 
edly in the hypothetical condition of water equilib- 
rium within an area in a plant, the DPD would be 
uniform across this region but would be largely a 
result of different forces depending on the particu- 
lar tissue, cells and even parts of cells under con- 
sideration. 

In the vacuoles of living cells, for instance, the 
DPD would primarily be a function of the OP and 
turgor of the cells. In the adjacent protoplasmic 
layer probably imbibitional forces would become 
more dominant than the OP. This would also be 
true within the walls, but farther removed from 
the walls within a dead tracheary element adsorp- 
tion would have relatively little influence and the 
DPD would become chiefly a function of the OP 
and tension or turgor. Consequently maximum ten- 
sions would be found during periods of water defi- 
cits within the lumen centers. 

If we neglect the influence of electrical poten- 
tials, we then find that the diffusion pressure of 
water in the center of the xylem lumina is chiefly 
affected by the osmotic pressure of the sap, and the 
tension or turgor present. Consequently a state of 
subatmospheric pressure or tension will exist when 
the diffusion pressure is reduced more than can be 
accounted for on the basis of the solute concentra- 
tion alone. A state of turgor would exist when the 
reduction in diffusion pressure is less than that 
accounted for on the basis of the solute concentra- 
tion. 

Although recent work indicates the possible ex- 
istence of secretional phenomena in plant tissue, a 
purely diffusional mechanism of water movement 
has been assumed in making all calculations in this 
paper. Tension is used to designate any condition in 
a water column when the pressure on it is less than 
atmospheric. Actually an unstable state exists in 
the column only when the pressure falls below the 
vapor pressure of the water at that temperature. 

Table 2 shows the range in diffusion pressure 
deficit measurements for sugar solutions injected 
into the petioles of the experimental plants and 
also the tensions in the xylem elements calculated 
by subtracting the factor of 1.9 for the osmotic 
pressure of the xylem sap from the DPD values. 
Although it is realized that refinement in technique 
might modify the values somewhat and result in 
more specific determinations, it is believed that the 
magnitudes of possible tensions attained in the 
xylem of squash petioles under the conditions of 
the experiments are indicated. 

Plants under moderate summer conditions in non- 
irrigated soil, but growing near a small stream, 
showed a range in tensions between 1.8 and 4.0 
atmospheres during the hot part of the day and 
at the time of greatest tension showed a slight 
transient wilt which disappeared about sundown. 
At this time the tension dropped in the plant and 
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I able 2. -I (illations in DPD and tensions in the leaves of squash plants qrawinq under various environmental 'eondi~ 
tions. Tensions calculated by the formula TP = OP - DPD. When turgor pressure (TP) becomes negative sub- 
atmospheric pressure or tension exists and is here listed as a positive tension. OP — l.'J atm. 


Plant material 

Time 

Range in observed 
DPD in injected 
solution. Atm. 

Range in calculated 
tensions, in xylem. 

A tin. 

Field grown: 






Plant No. 1 

2:55 p.m. 4:45 p.m. 

3.T 

4.4 

1.8 

2,5 

Plant No. 2 

2:55 p.m. 4:45 p.m. 

4.8 

5.8 

2.9 

3.9 

Plant No. 3 

2:55 p.m. 4:45 p.m. 

5.7 

5.9 

3.8 

4.0 

Plant No. 1 

9:15 a.m. 

0.8 

2.1 

1.1* 

0.2 

Plant No. 2 

9:15 a.m. 

2.1 

2.8 

0.2 

0.9 

Plant No. 3 

9:15 a.m. 

3.2 

4.2 

1.3 

2.3 

Culture solution: 






Greenhouse 

2:00 p.m. 

■ ' 4.5 

5.1 

2.6 

3.1 


5:00 p.m. 

4.3 

4.6 

2.4' 

2.7 


8:30 a.m. 

1.7 

2.5 

0,2* 

0.6 


2:45 p.m. 

3.5 


1.6 



8:45 a.m. 

1.5 

2.3 

0.4* 

0.4 

Laboratory : 






Subdued light 

9:25 a.m. 2:10 p.m. 

2.2 

2.4 

0.3 

0.5 

Outside : 






In sun 


3.6 

3.9 

1.7 

2,0 

Wilting plants: 






From culture solution 


9.2 

10.8 

7.3 

8.9 

Potted in soil: 






Plant No. 1 


8.3 

8.9 

6,4 

7.0 

Plant No. 2 


8.2 

8.5 

6.3 

6.6 

Plant No. 3 


10.5 

11.0 

8.6 

9.1 


* Turgor pressure atmospheres. 


during the night reached values as low as 2.3 at- 
mospheres tension to at least 1.1 atmospheres posi- 
tive pressure in the xylem. This diurnal fluctuation 
in diffusion pressure deficits is in general agree- 
ment with the known diurnal variation in water 
balance and osmotic pressures within plants. 

Culture solution plants growing in the green- 
house during a warm summer day showed a range 
in tensions between 2.6 and 3.1 atmospheres during 
the early afternoon and reached values at least as 
low as 0,6 atmospheres tension to 0.4 atmospheres 
pressure during the night. When the culture solu- 
tion plants were grown in the laboratory under 
conditions of subdued light the tensions calculated 
showed a fairly uniform value between 0.3 and 0.5 
atmospheres. When placed in, the sun a rapid rise 
was observed correlated with wilting. Recorded 
values of tensions were in this case only 1.7 to 2.0 
atmospheres but the actual values must have been 
somewhat higher as the conditions of the experi- 
ment were such that even approximate equilibrium 
was not established between the plant tissue and 
the experimental solution. 

When the culture solution plants were removed 
from the solution and allowed to wilt, the tension 
in the xylem gradually increased and reached a value 
of 7.3 to 8.9 atmospheres. Similar plants growing 
in soil when wilted in the laboratory gradually in- 
creased in tensions to 6.3 to 9.1 atmospheres. These 


values for wilted squash plants, representing water 
absorbing powers ranging from 8.2 to 11.0 atmos- 
pheres, are interesting when compared with the 
potential of water at the permanent wilting per- 
centage of approximately 16 atmospheres deter- 
mined by vapor pressure methods (Veihmeyer, 
Edlefsen, and Hendrickson, 1943). No explanation 
is advanced at this time to explain this apparent 
discrepancy and further experiments should be 
conducted to clarify this point. 

The observation that in two of the wilted plants 
the tip leaves possessed a higher DPD than the rest 
of the plant although they remained turgid while 
the other leaves were wilting also needs further 
investigation and substantiation. Beck (1928) has 
suggested that the greater water-absorbing power 
of young leaves of Sedum could be explained on a 
basis of the lower coefficient of elasticity in the 
young cell walls than in the older ones resulting in 
lower wall pressures. This, however, does not ap- 
pear to be the case in wilted squash plants for the 
tip leaves are obviously turgid and expanding while 
the older leaves are flaccid and hence would be ex- 
pected to have low or negative wall pressures. Beck 
was unable to demonstrate a gradient of OP be- 
tween young and old leaves and similar preliminary 
determinations made during this investigation of 
the OP of the composite sap expressed from whole 
squash leaves did not show marked variation he- 
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tween the young and old leaves. It seems probable 
that the greater imbibitional pressures of the slight- 
ly vacuolated, highly protoplasmic, expanding cells 
with their thin plastic walls in the young leaves 
could account for the lowered diffusion pressure of 
the water in their sap, enabling them to maintain 
their turgidity in the presence of the wilted lower 
leaves, or else these cells are actively secreting 
water into their vacuoles. Kerr and Anderson 
(19*14) have recently come to similar conclusions 
in regard to the ability of young cotton bolls to 
absorb water. 

SUMMARY 

A new method of calculating tensions in the 
xvlem of intact squash plants during normal growth 
and wilting is described. This method involves the 
observation by means of a refractometer of changes 


in the concentration of pure sugar solutions in- 
jected into the hollow r petioles of the leaves. 

Diurnal fluctuations were observed in the diffu- 
sion pressure deficits of the solutions injected into 
plants growing in the soil and reflected changes in 
probable tensions of from 4 atmospheres during a 
warm summer day to positive pressures of more 
than one atmosphere during the night. 

Increasing tensions associated with wilting 
reached 6.3 to 9.1 atmospheres in squash growing 
in soil at about the wilting percentage. 

The greater water absorbing power of young 
leaves could not be correlated with the average OP 
of the sap expressed from the leaves and it is sug- 
gested that imbibitional forces may be dominant 
in this case. 

Puccinelli Packing Co./ 

Turlock, California 
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ANATOMY OF CRYPTOSTEGIA GRANDIFLORA WITH SPECIAL REFERENCE TO 

THE LATEX SYSTEM 1 

H. Weston Blaser 


The anatomy of latex-bearing plants has re- 
ceived much attention since the early days of the 
study of plant structure ; recently, as a result of the 
search for new sources of rubber, a modern re- 
investigation has been initiated. Cryptostegia gran- 
di flora (Roxb.) R. Br. is receiving special attention 
since it may develop as a usable source of good- 
quality rubber. Technical difficulties of extraction, 
at present, limit the amount of rubber obtained to 
that which is bled from the stems. Experimental 
and practical problems as well as attempts to re- 
duce the tedium of extraction methods are likely 
to involve structural details obtained from a general 
anatomical study. 

Literature on laticiferous cells and tubes is vo- 
luminous and anatomical details have been described 
for many families. David (1872) describes and 
characterizes several kinds of laticiferous ducts 2 : 
intercellular canals, multicellular vessels and uni- 
cellular tubes, de Bary (1877) classifies the latter 
two types as articulated and noil-articulated ducts. 
Tschirch (1906) presents a review covering the 
earlier literature and Sperlieh (1939) brings the 
general data up to date. With these general reviews 
readily available, it is unnecessary to present a 
lengthy statement here. 

Solereder (1908) briefly summarizes a large part 
of the literature concerning the family Asclepiada- 
ceae, to which Cryptostegia belongs. The general 
anatomy of the family varies widely but probably all 
species contain laticiferous tubes of the non-articu- 
lated type. The time of origin of the tubes varies 
with the species as is shown by Schmalhausen 
(1877), Chaveaud (1891) and Schaffstein (1932). 
Distribution and duration of the tubes also vary. 
Some species are said to contain both primary and 
secondary tubes (of primary and secondary tissues) 
although the majority seem to contain only primary 
ones. Accessory latex cells (parenchyma cells con- 
taining latex) are reported in some species. No state- 
ments dealing specifically with Cryptostegia have 
come to the author’s attention. Since the anatomical 
treatment of latex tubes is sketchy in the literature, 
the details of anatomy of this species may be of value 
in coordinating isolated statements concerning the 
structure of latex tubes in general. 

Materials and methods. — Materials were ob- 
tained from three sources. Seeds, obtained from 

1 Received for publication November 17, 1914. 

Researches on anatomy of latex-bearing plants sup- 
ported in part by funds from the Rubber Reserve Cor- 
poration. 

3 The terminology used in this paper for the latex- 
bearing structures is as follows: (a) latex cells, paren- 
chyma cells containing latex, (b) ducts, elongate latex- 
containing structures which may be (c) canals, intercel- 
lular secretory chambers, (d) tubes, elongate unicellular 
laticiferous duets or (e) vessels, elongate multicellular 
laticiferous ducts. 


Haiti, were germinated and plants grown in the 
greenhouse and field at Cornell University. Pre- 
served material of plants, two years old, was ob- 
tained from the station of the U. S. Department of 
Agriculture at Coconut Grove, Florida. Large 
plants from the U. S. D. A. station at Beltsville, 
Maryland, were transplanted to the Cornell green- 
house. For embryo studies seeds soaked for twenty- 
four hours were imbedded intact or embryos were 
removed and imbedded. All materials were fixed 
in F. A. A. and sections were made from unirn- 
bedded material and from celloidin- or paraffin- 
imbedded portions. Heidenhain’s iron-alum-haema- 
toxylin with or without a counterstain of saf ratlin 
or Bismark brown proved the most important stain. 
Photomicrographs were made by W. R, Fisher. 

Embryo and seedling. — Chaveaud (1891) and 
others have shown that latex tubes originate in 
some species in the embryo, while in others they 
differentiate after germination. In Cryptostegia 
embryos, the latex tubes are well developed and 
have already formed a branching system when the 
seed is mature. In the hypocotvl, several concentric 
bands of tubes occur between the tangential rows 
of cortical cells (fig. 1). The tubes of the inner- 
most ring are of larger diameter than the others. 
Anatomical evidence suggests that the inner cycle 
represents the basic ring of latex tubes and that all 
others are branches. For conclusive evidence, 
studies of embryonic development are necessary. 
There are many radial connections (fig. 3) and only 
the inner ring is in a uniform position. The tubes 
branch tangentially also (fig. 2) but less frequently. 
They extend nearly to the tip of the radicle (fig. 6) 
and into the cotyledons (fig. 4, 5, 7, 8). The plu- 
mule is rudimentary in the embryo (fig. 5) and 
epieotyledonary tubes can be found only after ger- 
mination. At the cotyledonary node, the tubes 
branch freely and supply the cotyledons with a con- 
siderable number of latex tubes. Some of the 
branches extend through the gap and enter the 
plumule, or pass outward on the upper side of the 
cotyledonary trace. 

It is impossible to describe or illustrate fully the 
complexity of tube-branching at the node, but it 
can be partially shown in selected sections (fig. 4, 
5, 8). A transverse section at the node close to the 
region of separation of the cotyledons from the 
axis (fig. 8) shows the condition of the tubes as 
they branch and pass around the traces of the 
cotyledons. The central region of the stem apex is 
visible between the two traces at the upper left and 
lower right of the figure. A nearly median longi- 
tudinal section (fig. 5) shows, on the left, a tube 
with two branches ; one of these extends into the 
stem apex and the other passes along the upper 
side of the cotyledonary bundle. A section near the 
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Figs. 1-14. — Figs. 1-8. Anatomy of the embryo of Gryptostegia.— Fig. 1. Hypocotyl showing distribution of latex 
tubes through the cortex. The inner series of larger cells (IL) are probably the basic tubes and others (L) are 
branches. — Fig. 2. Tangentially branched latex tube (TL) in the same specimen. The small clusters of slender cells 
among the inner ring of latex tubes are young pericyclic fibers (E). — Fig. 3. Hypocotyl of germinated embryo 
showing several radial connections (RL) between latex tubes. — Fig. 4. Off-median section near edge of traces to 
show latex tubes as they enter the apex from the sides of the cotyledons. In all figures, no latex tubes occur in the 
pith. — Eig. 5. Nearly median longitudinal section showing rudimentary plumule. At the left (L) is shown a tube with 
branches for the upper side of the cotyledon and the continuing apex. — Fig. 6. Root, near the tip showing the latex 
tubes. The outer two or three rows of cells are root-cap cells. This section is 180 microns from the tip of the root cap; 
some latex tubes are present within 90 microns of the tip. — Fig. 7. Cotyledons, showing latex tubes in the mesophyll. 
On the upper side a subepidermal tube extends nearly the full length of the figure. Two additional tubes in the 
spongy parenchyma are prominent. — Fig. 8. Transverse section of cotyledonary node. The traces to the cotyledons 
are toward the upper left and lower right of the figure. The complex nodal branching of the tubes and the entrance 
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edge of the traces (fig. 4*) shows more of the tubes 
in the nodal region. In both longitudinal figures the 
absence of latex tubes in the pith of the hypocotyl 
is evident. There are no basipetal extensions of the 
tubes into this region in later development but in 
the epicotyl there are both cortical and medullary 
tubes. In the cotyledons the tubes ramify through 
the mesophyll and extend to the epidermis (fig. 7). 

In the internodes of the seedlings, the latex tubes 
are distributed throughout the pith and cortex. At 
each node, extensive branching of all tubes results 
in a condition similar to that of the cotyledonary 
node. Tubes pass through the gap in both directions 
and branching provides tubes for the leaves, axil- 
lary buds and the continuing apex. The complex 
anatomy of the nodes is made even more complex 
by the presence of many branching tubes in the 
gaps. Forking of the tubes occurs also in the inter- 
nodes but is less frequent. 

The original latex tubes of the embryo by suc- 
cessive branchings, most frequent at the gap re- 
gions, form an “elaborate forking system” with no 
observed fusions. In the absence of fusions, the 
terms “mesh-work” and “network” of tubes are 
inappropriate. 

The stem tips. — Apices of stems from the three 
sources show no essential difference. There is no 
increase in diameter of the stem apex with age of 
the plant and axillary buds are essentially like the 
tips of elongate stems. The nodes successively re- 
peat the complex pattern of the seedling plants. 
The latex system of the apex (fig. 9) is more ma- 
ture in the pith, a condition coordinate with the 
earlier maturation of the pith parenchyma. Three 
nodes are illustrated in figure 9; the second node 
is indicated by the numerous transverse sections of 
tubes which enter a pair of, leaves at right angles 
to the plane of section. The tips of the tubes ex- 
tend to within a few cells of the stirface, of the 
apical meristems. The shortness of the interpodes 
near the apex makes it possible to trace the tubes 
more readily than in older stems. Elongation of the 
axis extends the tubes and stretches the regions of 
branching so that in older stems the continuity of 
the system is much less striking. 

The nodes. — The tubes which enter the leaves 
and branches at a node are not restricted to sectors 
of the stem (fig. 9, 10, 11). Opposite leaves and 
their axillary buds contain only locally independent 


branches of the latex system. Leaves of two suc- 
ceeding nodes were .definitely found to contain 
branch tubes from the same cauline tube. It is pos- 
sible that even opposite leaves may contain branches 
of the same subriodal tube although no such case 
was observed with certainty. In any case, the sys- 
tem of one portion of the plant is closely associated 
with that of the rest of the plant. A leaf and its 
axillary bud also contain connected tubes (fig. 12, 
13, 14). 

Axillary buds are identical with other actively 
growing stem tips in their latex systems. The axil- 
lary meristem reaches full size very near the tip 
of the axis (fig. 9) and in elongating produces the 
first pair of leaves laterally with its accompanying 
latex tubes (fig. 12). Superposed buds (fig. 12, 14) 
are found to be branch buds of the main axillary 
bud and their latex systems are connected. The 
nodal structure of the latex system (fig. 12, 13, 14) 
thus involves a multiplication of branch tubes some 
of which enter the lateral structures while the rest 
remain as the cauline system. 

The latex system and primary tissues.- The 

latex tubes of the embryo were shown above as 
structures outside the vascular system. The basic 
ring is near the patches of young pericyclic fibers, 
and branch tubes occur throughout the cortex. Fur- 
ther development and branching tend to mask this 
fundamental origin. Near the apex where growth 
of the tubes is most active, the cortical tubes ex- 
tend nearer the tip than do those of the pith. This 
condition is probably related to the formation of 
lateral primordia of leaves and buds. Patches of 
pericyclic fibers differentiate inside of or among 
the cortical tubes. Procambial strands and young 
fibers differentiate from the meristem in advance 
of the growth of latex tubes. A latex tube is never 
found enclosed in pericyclic fibers and since all the 
vascular tissues 1 do hot differentiate from the meri- 
stem simultaneously, The radial branches of latex 
tubes pass between patches of fibers and through 
the developing vascular cylinder. Phloem and xylem 
contain no cells, which can be considered , phloem or 
xylem latex-tubes but contain branches of the latex 
system which niay penetrate for short distances. 
The manner of their origin and development would 
preclude designation as part of the vascular tissues. 

The primary vascular cylinder is a narrow am- 
phiphloic siphonostele, with single large leaf traces 


nodes. The lowest node shows young axillary bud at the right. The branching complex of latex tubes of the sub- 
tending leaf and bud is evident in part. The diameter of the bud meristem is as great as the apical meristem. 
The second node is shown only by the nodal complex of latex tubes. The leaves at this node are at right angles 
to the plane section and many of the latex tubes are cut transversely. The tubes near the tip are of small 
diameter but the general structure can be seen. Large glandular hairs and slender elongate hairs are present on 
the ventral surface of the lowest pair of leaves. — Fig. 10. Stem near the fourth node showing the amphiphloic 
siphonostele, the opposite large leaf traces and the associated branch traces. The medullary latex tubes are branch- 
ing extensively throughout the pith. — Fig. 11. A section at a higher level than figure 10 showing greater detail. — 
Fig. 12 , Longitudinal section of node showing trace to leaf at left and the superposed axillary buds. The principal 
bud shows latex tubes of the first pair of leaves which are attached at right angles to the plane of section. — Fig. 13. 
Interconnected tubes of leaf and bud. The apparently H-formed structure is derived by three successive dichoto- 
mies within the same section. The basipetal continuation is a single tube attached at the cross bar of the. H. The 
two branches toward the leaf trace enter the leaf. The two inner ones enter the axillary bud.— Fig. 14. Transverse 
section at node similar to figure 12 showing superposed buds. 
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Figs. 15-26.- — Fig. 15. Transverse section of two-year-old stem, showing open gaps. Several latex tubes imbedded 
in the secondary xylem appear as faint dark streaks. — Fig. 16. Mid vein region of young leaf showing latex tubes 
on both sides of the vein. — Fig. 17. Transverse section of mature leaf showing latex tube in spongy mesophyll, an- 
other at the base of the small bundle and a third one extending from the bundle through the palisade parenchyma 
and turned at right angles just under the epidermis. — Fig. 18. Paralongitudinal section of main vein and side vein 
showing branching of latex tubes (X).— Fig. 19. Paralongitudinal section of mature leaf showing latex tube in pali- 
sade parenchyma and extending under the epidermis in two branches. — Fig. 20. Stem from sixth internode showing 
periderm which originates in the subepidermal cells. The fibers have partially matured although not all of them 
have developed thick walls. — Fig. 21. Stem showing patches of young pericyclic fibers. The protophloem clusters of 
sieve tubes may or may not lie on the same radius as the fibers. Parenchyma cells lie between the fibers and the 
small sieve tubes. — Fig. 22. Latex tubes imbedded in secondary xylem of young stem— Fig. 23. Radial section show- 
ing latex tube crossing the stele. — Fig. 24. Latex tube imbedded and lengthened transversely in secondary xylem. 
The rays are uniseriate except the one which includes the latex tube. — Fig. 25. Portion of the pith of a two-year-old 
stem showing starch-filled parenchyma in close association with the latex tubes. Lines indicate latex tubes. Inter- 
mediate parenchyma cells are empty. — Fig. 26. Pericyclic fibers cortex and periderm of two-year-old stem. 
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to the decussate leaves. Branch traces arise from 
the cylinder at the side of the leaf gap. The posi- 
tion of traces and gaps is shown in figure 10. The 
primary xylem forms a rather uniform cylinder 
with cells radially arranged. The protophloem con- 
sists of patches of minute sieve tubes and large 
parenchyma cells. Some sieve tube areas may be 
on the same radius as the fiber patches but others 
lie between them (fig. 21). The metaphloem con- 
sists of larger sieve tubes and abundant paren- 
chyma. 

The latex system of the leaves is associated with 
the veins ; tubes are present on both surfaces of the 
bundles (fig. 16). At points of vein branchings the 
latex tubes fork with the veins (fig. 18). Branches 
of the tubes extend into the mesophyll freely (fig. 
17) and come in contact with the epidermis (fig. 
17s 19), 

Secondary growth. — In the fifth or sixth inter- 
node from the apeXs a phellogen arises from the 
subepidermal row of cortical cells. Since no latex 
tubes are found next to the epidermiSs there is no 
effect upon the latex system by periderm formation 
(fig. 20). This first periderm persists for at least 
two years forming rather few cells (fig. 15, 26). 
When and if a second periderm forms can be deter- 
mined only from plants older than were available 
to the author. 

Secondary vascular tissues are normal in forma- 
tion and structure. The leaf gaps remain open for 
two years, long after leaf abscission (fig. 15). The 
latex tubes which cross the stele or are gradually 
enveloped by the partial closing of the gaps are not 
cut off or broken by secondary thickening but are 
enclosed or imbedded in the secondary xylem and 
phloem. In young stems the oblique course of the 
tubes is retained (fig. 23) , and tubes appear in cross 
sections (fig. 22) as if they were part of the sec- 
ondary cylinder. With greater enlargement, the 
latex tubes are enclosed in vascular rays and are 
nearly transverse (fig. 24). Most rays are uniseriate 
(fig. 24, 30) but rays containing these latex tubes 
are three or four cells wide (fig. 31, 32). Thin sec- 
tions appear broken along the tubes and only thick 
sections enable observation of the length and path of 
the tubes. Drawings made with the aid of a camera 
lucida (fig. 27—33) show optical sections not obtain- 
able by photography. The body of secondary vas- 
cular tissues is then seen to contain extended latex 
tubes but none of the tubes are derived from the 
cambium. That they remain fully distended and 
active for at least two years may be related to wall 
structure and to contact with ray cells and paren- 
chyma of the pith and cortex. 

In the pith of old stems, the latex tubes lie within 
a mantle of a starch-filled parenchyma. The starch- 
containing cells form a pattern alternating with the 
empty parenchyma not associated with the latex 
system (fig. 25). 

The latex tubes of the cortex are fully distended 
but not distorted by secondary growth of the vas- 
cular tissues. It would appear that the latex tubes 


may be stretched in the cortex just as they elon- 
gate in the stele. Associated with the permanence 
of the latex tubes is the permanence of the cortex 
itself. Enlargement for two years would be expected 
to entail some adjustment in arrangement or size of 
the cortical cells. The cortex of Cryptostegia shows 
clearly that cell division enables the cortex to per- 



Fig. 27-36. — Fig. 27-29. Portions of three latex tubes 
in the secondary tissues: (fig, 27) in the xylem near the 
pith (fig. 28), through the cambium region (fig. 29), in 
the outer phloem.— Fig. 30. Tangential section of xylem 
showing vessels, parenchyma and uniseriate rays. — Fig. 
31. Tangential section of xylem showing ray with one 
latex tube included.— Fig. 32. Tangential section of xylem 
showing ray with two latex tubes included, — Fig, 33. 
Radial section showing latex tube and ray cells. The latex 
tubes in figures 27-33 are shown with a double line only 
for purposes of the drawing and the lines do not indicate 
wall-thickness. — Fig. 34-36. Reconstruction of apparent 
H-formed tubes (explanation in text), 

sist as a wide unstretched unflattened region. Many 
strictly radial walls are found and clusters of cells 
retaining the shape of their mother cells are evident 
(fig, 26). The cortex seems to be composed of alter- 
nating radial bands which differ in the number of 
cell divisions or in the rate of increase in cell size. 
It will be noted that there is an increase in width 
of cortex as well as in tangential enlargement ( fig, 
21,26). 

Discussion,— The latieiferous system of Crypto - 
stegia is composed of a limited number of primary 
cells which arise early in the ontogeny of the em- 
bryo. By acropetal elongation and limitless branch- 
ing, an elaborate forking system is produced. The 
tips of branches grow between meristematie cells 
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close to the apex. The direction and degree of 
branching seems to be controlled largely by nodal 
differentiation and the rate of tissue differentiation. 

Evidence is as follows: 

(a) Nodal complexes of latex tubes are differ- 
entiated up to the youngest leaf primordia. The 
gaps are the regions of greatest tube branching. 

(b) Trans-stelar branching is fairly frequent 
but much less elaborate than gap crossing. The 
zones of slower differentiation of procambium pro- 
vide regions for the crossings which do occur. 

(c) Early elongation and organization of clus- 
ters of pericyclic libers control the path of these 
tubes in a similar way. 

(d) Latex tubes of the leaf primordia are only 
slightly shorter than the procambial strands. Elab- 
oration of the branching system in the mesophyll 
occurs early in the development of the leaf. 

There is no evidence of fusion of adjacent tubes 
nor is there any evidence that new latex cells arise 
in apical or lateral meristems. It is probable that 
some parenchyma cells function as accessory lati- 
ciferous elements but they are not anatomically 
specialized. 

The method of origin and development of latex 
ducts has long been recognized as the basis for two 
general forms — the “H” form and “Y” form. The 
“H” form is frequently considered as evidence of 
cell fusion and confluence of cell contents. On the 
other hand, unarticulated latex tubes which elon- 
gate and branch as their axis elongates are con- 
sidered to be “X” formed, the arms of the Y sug- 
gesting a dichotomy in the direction of growth. 
Occasional disagreements in the literature may have 
resulted from the difficulty of observing the much- 
branched/ almost endless cells of the unarticulated 
type. Sectioned tubes lying adjacent to each other 
have been found to show no evidence of fusion. 
However, several sections show apparent “H” form 
tubes which at first seem to indicate fusion. On 
close examination of adjacent sections, all of these 
apparent “H” fusions are found to result from 
plane of section and path of latex tubes; none of 
them is a region of cell fusion. Several examples 
will explain more fully: 

(1) The simplest case is the crossing of right 
and left arms of two “Y” tubes near the walls 
separating them. The two tubes appear as one ex- 
cept on close examination and comparison with ad- 
jacent sections (fig. 34). The upper dotted por- 
tions of the tubes in figure 34 were determined from 
adjacent sections. 

(2) The direction of growth of the tubes may 
not be uniformly acropetal or if it is acropetal, the 
different growth of surrounding cells distorts the 
original form (fig. 36). The diagram represents a 
reconstruction of a tube near a node. 

(3) Successive branches very close to each other 
and in more than one plane may produce a com- 
plicated situation which can be traced with diffi- 
culty. The accompanying sketches (fig. 36) show a 
reconstruction of a portion observed. 


In transverse section an “H” tube was seen with 
no evidence at first of any explanation other than 
fusion (fig. 13). Two arms of the H entered the 
leaf and two entered the bud. However, basipetally 
the “H” was connected to a cortical tube at the 
center of the cross-bar. The cross-bar represented 
the first of three dichotomies occurring in the same 
section. 

The patches of fiber cells (fig. 2, 3, 20, 26) are 
designated here as pericyclic fibers. The recent 
statements of Esau (1938, 1943) regarding the 
fibers of phloem in Nicotiana and Linum would in- 
dicate that in some plants there is no recognizable 
pericycle. The evanescent sieve tubes of the earliest 
protophloem may disappear so quickly that the 
associated phloem fibers appear to be a distinct 
pericycle. The “pericyclic region” of Cryptostegia 
may therefore be fibers of the protophloem. In the 
hypocotyl of the embryo, young fiber patches are 
distinguishable as small clusters of slender cells 
(fig. 3). In the older seedlings, no additional fibers 
are developed in the hypocotyl but larger patches 
of fibers (15-30 cells in each cluster) are adjacent 
to definable phloem in the stems (fig. 20, 21, 26). 
For these fiber patches the author uses the term 
“pericyclic,” the adjectival form permitting a range 
of theoretical interpretations but restricting the 
location of the structures in practical anatomical 
description. Esau (1943) and Foster (1942), how- 
ever, finding no “true” pericycle in Linum and 
Nicotiana note that the pericycle should be rein- 
vestigated and suggest use of the term “bast fiber” 
for all extra-xylary fibers. While the need for a 
comparative concept of “pericycle” is emphasized 
by Esau’s findings, the suggested change seems 
highly undesirable. The background for the term 
“pericycle” is much broader than the present bases 
for negating its existence. The substitution of a 
term, which already has many different meanings, 
for all cortical, medullary, pericyclic and phloem 
fibers only adds to the confusion. If it is desirable 
to obviate the difficulty of using the term “pericy- 
cle” for a region which is obviously variable in 
higher plant stems, the adjectival form can be 
readily substituted with much less confusion. The 
term “pericyclic region” is a useful and descriptive 
term. It designates a position and does not preclude 
the possibilities that the region may be in part or 
wholly phloem or cortex. If, upon completion of 
an adequate re-investigation of the “pericycle,” the 
term is untenable, it can be dropped for better 
reason than is at present available. The “pericyclic 
region” is of topographic importance and is as 
necessary as the term “transition zone,” “cambium 
region,” “hypodermal region.” It is as definite as 
many terms which point out regions of transition 
or transitional cell types. Often such terms are of 
greater descriptive value than those of rigid defi- 
nition. 

The cytological basis for tremendous cell elonga- 
tion of the latex tubes presents a problem of interest 
and importance. That early elongation is in conjunc- 
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tion with axial growth seems more comprehensible 
than the persistent elongation and imbedding of 
tubes in the secondary tissues. Frey-Wyssling (1926, 
1983) suggests the possibility that latex-cell walls 
are elastic and since they are composed of aniso- 
tropic material, changes in size occur with changes 
in turgor. The structural nature of the wall might 
also permit the elongation of the cell by the method 
of intussusception. The phenomenon of these latex 
tubes may explain presence of “secondary latex 
tubes in rays of the wood” in other species of the 
family. Woodworth (1932) describes structurally 
similar tubes in Beaumont la grandi flora. 

The secondary enlargement of the cortex (fig. 
26) by renewed or continued cell division is prob- 
ably a result of cell division similar to those de- 
scribed by Sinnott and Bloch (1911) for other 
vacuolated cells. This long-continued cell division 
emphasizes the dynamic nature of differentiation 
of the apical meristem. The retention of meriste- 
matic activity in restricted regions has frequently 
led to a loose application of the term “meristem.” 
In these “modern” uses of the term, the “meristem” 
extends to all regions where noticeably active cell 
division occurs. It could indeed be stretched suffi- 
ciently to include the whole cortex of Cryptostegia. 
The author recommends a re-evaluation of the 
“modern” uses of the term “meristem” and the 
greater use of the term “meristematic.” Many re- 
gions remain or become “meristematic” for varying 
lengths of time. A “meristem” is a relatively per- 
manent region of cell initiation. Where differentia- 
tion has progressed to even a small degree, other 
terms are applicable; young tissues and old tissues 
demonstrate varying degrees of meristematic ac- 
tivity. 

SUMMARY 

Latex tubes of the unarticulated type form a 
branching system in the embryo of Cryptostegia. 


Ml 

The tubes are extra-vascular and enter the pith 
above the cotyledons by way of the cotyledonary 

gap. 

In the young stems latex tubes cross the stele 
frequently but most of the connections between 
cortex and pith occur at the gap regions. A single 
large leaf trace and the branch traces form a com- 
mon gap which remains open for at least two years. 
The tips of the latex tubes extend close to the sur- 
face of apical and axillary meristems which are 
identical in size and structure. 

The leaves, of mesophvtic type, contain latex 
tubes on both surfaces of the netted veins. Branches 
occur in conjunction with vein-branching; other 
branch tubes extend into the mesophyll in all direc- 
tions. Some reach the epidermis and extend some 
distance along the inner surface of the epidermal 
cells. 

A periderm arises in the sube pi dermal layer of 
the fifth or sixth internode. This first periderm per- 
sists for at least two years forming rather few cells. 

Secondary growth of the vascular cylinder im- 
beds the primary latex tubes which cross the stele. 
No Secondary tubes are formed. Growth for two 
years is accompanied by the elongation of the origi- 
nal latex tubes. The cortex maintains itself by con- 
tinued cell division of the parenchyma cells. This 
meristematic activity invites a re-e valuation of some 
of the “modern” uses of the term meristem. 

Pericyclie fibers which are external to the phloem 
and not associated with the sieve tubes bring atten- 
tion to recent suggestions that all extra-xylary 
fibers be called “bast-fibers.” The author objects to 
the latter term and suggests that “pericyclie region” 
is of anatomical value where a question of validity 
of the term “perieyele” exists. 

Department of Botany/ 

Cornell University, 

Ithaca, N. Y. 


LITERATURE CITED 




dk Bary, A. 1877. Vergleichende Anatomic der Vegeta- 
tionsorgane der Phanerogamen und Fame. Leipzig. 

CirAVEAUD, M. G. 1891. Recherches embryogeniques sur 
Pappareil, laticifere des Euphorbiaeees Urtieacees, 
Apocynees et Asclepiadees. Ann. Sei. Nat. Ser. 7 
Bot. 14:1-161. 

David, G. 1872. t' T ber die Milchzellen der Euphorhiaceen, 
Moreen, Apocyneen, und Asclepiadeen. Disserta- 
tion. Breslau. 

Esau, K. 1938. Ontogeny and structure of the phloem 
in tobacco. Hilgardia 1 1 : 343-423. 

~. 1943. Vascular differentiation in the vegetative 

shoot of Lin inn III. The origin of hast fibers. Amer. 
Jour. Bot. 30:579-585. 

Foster, A. S. 1942. Practical plant anatomy. Van 
Nostrand, New York, 

Frey, A. 1926. Die submikroskopische Struktur der 
Zelienmembranen. Fine polarisationsoptische Methode 
zum Nachweis der Richtigkeit der Mizellartheorie. 
Jahrb. Wiss. Bot 65: 195-223. 


Frey-Wyssling, A. 1933. Saftergus.se a us turgeszenten 
Kapillaren. Ber. Schweiz. Bot. Ges. 42:254-283. 

SciiAFFSTKiN, G. 1932. U n t e r s u ch u n gen a n ungeglieder- 
ten Milchrdhren. Beih. Bot. Central!)!. 49:197-220. 

Sc it >i a lh a use n , J. .1877, Beitriige zur Kermtnis der. 
Milehsaftgefasse der Pflanzen Mem. Acad. Imp. St. 
Petersbourg Ser. 7. 24: No. 2. 

Sinnott, E. W., anb R. W, Bloch. 1941. Division in 
vacuolate plant cells. Amer. Jour. Bot. 28:225-232. 

Solerkber, H. 1908, Systematic anatomy of the dicoty- 
ledons. Eng. Trans, Oxford. 

Sperlicii, A. 1939. Das trophische Parenchym. B. Ex- 
cretionsgewebe. Handb, Pfianzenenantomle Ed ' IV, 
1 Abt., 2 Tell, 

Tschirch, A. 1906. Die H arse und die Harzhehttlter- 
mit Einschluss der Mllchsafte. 2. Aufl. Leipzig, 

Woodworth, R. ' H. 1932. . Diaxylary latieiferous cells'' of 
■ Bmmmontm ymndifiom. . Jour. 'Arnold Arboretum 
13:35-36. :■ ■ . . 


NATURAL BREEDING STRUCTURE IN THE BROMUS CARINATUS COMPLEX 
AS DETERMINED BY POPULATION ANALYSES 1 

Jack R. Harlan 2 


The section Ceratochloa of the genus Bromus 
includes a number of closely related forms or spe- 
cies that present a difficult taxonomic problem 
(Hitchcock, 1935, and Shear, 1900). This group of 
forms or species may be tentatively referred to as 
the Bromus carinatus complex. In a study of the 
genetical variation in this complex conducted at the 
University of California at Berkeley, some of the 
fundamental reasons for the taxonomic difficulties 
were investigated. It was found that the variation 
pattern included swarms of local races inhabiting a 
given geographical or ecological province. Often a 
number of races were found to be growing together 
in the same field with but few intermediates and 
little evidence of interbreeding. 

Members of the B. carinatus complex were shown 
to have the habit of facultative cleistogamy, reported 
and described by Harlan (1915). Individual 
plants usually produce both cleistogamous and chas- 
mogamous panicles. The cleistogamously produced 
seeds are obligatorily self-pollinated, while the 
chasmogamously produced seeds are either cross- 
pollinated or self -pollinated. The natural breeding 
structure in the complex was investigated by popu- 
lation analyses in an attempt to determine the effect 
of the facultatively cleistogamous habit on the breed- 
ing structure and on the variation exhibited within 
the species. The results of this investigation are re- 
ported in this paper. 

Materials and methods. — The general proce- 
dure used in making population analyses of this spe- 
cies is outlined as follows: 

Collections in the field were made by taking seeds 
from a single panicle of an individual plant to elimi- 
nate the possibility of obtaining seed from two or 
more plants grown together. 

Approximately 35 plants of each collection were 
spaced in separate nursery rows from seedlings 
started in flats. The progeny of an individual wild 
plant is referred to as a family. 

The families were classified according to segre- 
gation for numerous growth characters and also com- 
pared individually. 

In a few cases seed was taken from each of two 
or more plants of a family and a series of second 
generation families was grown and similarly com- 
pared. 

Four different groups of families were used and 
analyzed in this study. Each group was collected in 

1 Received for publication May 5, 1944. 

Contribution from the Department of Genetics, Uni- 
versity of California, and completed while the author was 
employed by the Division of Forage Crops and Diseases, 
Bureau of Plant Industry, Soils, and Agricultural Engi- 
neering, Agricultural Research Administration. U. S. 
Department of Agriculture. 

2 Formerly Research Assistant, University of Califor- 
nia, now (1945) Associate Agronomist, Division of For- 
age Crops and Diseases. 


order to study a particular phase of the variation 
pattern of this species and the possible breeding 
structure exhibited by it. These groups of families 
were: 

1. A group of 60 families of one particular race, 
arbitrarily called strain No. 2 was collected for the 
purpose of investigating variation within a local 
race. This race was selected because of certain dis- 
tinctive characters which permit identification in the 
field. The sheaths are white and hairy, the base of 
the culms green without anthocyanin pigment, and 
the leaf blades hairless to moderately hairy and 
stiffly erect, compared with other local races. The 
spikelets are green or of a distinctive shade of pur- 
ple and are also recognizable by virtue of a distinc- 
tive color pattern produced by white, papery mar- 
gins of the lemma. 

This race is found abundantly on the plain be- 
tween the Berkeley Hills and San Francisco Bay 
and is also recorded from Sonoma County by Dr. 
G. L. Stebbins, Jr. It appears to be more weedy 
than other local races occurring in abandoned fields, 
roadsides, vacant lots and other disturbed areas. 
The 60 families were collected at 19 stations scat- 
tered over the range of the local race. Some stations 
were less than a city block apart; others were three 
or four miles apart. At least two families were grown 
from each station and were established in the 
nursery, one family to a row, in six adjacent blocks 
of ten rows each. 

2. A pair of families arbitrarily referred to as 
race No. 6 and race No. 9 were originally considered 
to be collections of different races but proved to be 
similar. The two collections were made from wild 
plants about a half mile apart in Contra Costa Coun- 
ty, just north of Berkeley. A detailed comparison 
was made between the two families of 75 plants each 
in order to determine whether or not they belonged 
to the same race. The families were planted in the 
summer in large flats in the greenhouse and bloomed 
from late fall to early spring. In addition, crosses 
were artificially made involving plants of No. 6 and 
No. 9 with a third race, No. 8, which was strikingly 
different. 

3. The Field A collection consisted of a group of 
70 families all taken from a single field in the Berke- 
ley Hills in which five races were growing in close 
proximity. The purpose of this collection was to 
detect interracial crossing under natural conditions. 
The races were designated A-l, A-2, A-3, A-4, and 
A- 5, three of which exhibited minor variations which 
were sufficiently stable for the detection of segrega- 
tion. Race A-l, types one, two, and three, had the 
same general aspect and growth habits, but differed 
in color and hairiness of leaves, while A-2 and A-3 
had hairy and smooth-leaved variants (table 3). 

4. The Arizona collection was composed of a 
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1 able 1. Quantitative comparison of strain No. 6 and strain No. 0 based on a family of 7J plants each. 


Characters 

Units 

No. 6 

No. 9 

Seedling characters 




Da vs from germination to emergence of 2nd leaf 

. . . . No. 

15.fi ± 0.3 

16.6 +- 0.3 

Davs between emergence of 2nd and 3rd leaves. 

. . . . No. 

8.5 ± 0.1 

8.5 +• 0.1 

Davs between emergence of 3rd leaf and 1st branch. .... . . 

No. 

11.8 ± 0.39 

11.8 +- 0.32 

Length of 1st leaf at emergence of 2nd leaf 

.... cm. 

8,11+- 0.19 

7,86+ 0.24 

Length of 1st leaf at emergence of 3rd leaf. 

cm. 

9.21 ± 0.21 

8,36+ 0.26“ 

Width of 1st leaf at emergence of 2nd leaf 

.... mm. 

1.26+ 0.01 

1.03+ 0.02“ 

Length of coleoptile at emergence of 2nd leaf 

cm. 

1.38+ 0.03 

1 .45+: 0.04 

No. of veins in 1st leaf at emergence of 2nd leaf 

No. 

3.6 ± 0.08 

3.1 ± 0.03“ 

Length of 2nd leaf at emergence of 3rd leaf 

.... cm. 

14.30 ± 0.26 

13.79+ 0.33 

Width of 2nd leaf at emergence of 3rd leaf 

mm. 

2.02 ± 0.08 

1.84± 0.04 

Twisting of 2nd leaf measured in % turns 

No. 

4.5 + 0.3 

5.0 ± 0.3 

Height at emergence of 1st branch 

.... cm. 

20.9 1 ± 0.34 

22.09+ 0.53 

Number of leaves at emergence of 1st branch 

No. 

4.1 ± 0.07 

4.0 +: 0.05 

Location of 1st branch (No. of node) 

No. 

1.4 ± 0.08 

1,5 ± 0.06 

No. of tallest leaf (sequence designation) 

.... No. 

2.09 ± 0.04 

2.9 ± 0.04 

Diameter of stem at emergence of 1st branch 

.... mm. 

1.42+ 0,02 

1.46 ± 0.02 

Adult characters 




Number of branches at 52 davs 

.... No. 

2.6 ± 0.1 

3.4 ± 0.1“ 

Number of branches at 70 days 

.... No. 

4.8 ± 0.2 

1 4.9 -± 0.5 h 

Number of branches at harvest 

.... No, 

10.8 ± 0.6 

17,4 ± 0.7 1 ’ 

Length of culm at harvest 

.... cm. 

85.7 + 1.7 

83.1 ± 1.6 

Length of largest panicle on each plant 

.... cm. 

18.9 ± 0,4 

16.9 rfc 0.4“ 

Length of uppermost internode of culm 

.... cm. 

40.8 ± 1.3 

44.8 ± 0.6 

Length of spikelets . 

.... cm. 

2.74± 0.03 

2.41 ± 0.02“ 

Number of flowers per spikelet 

.... No. 

5.2 ± 0.1 

4.0 ± 0.1 “ 

Number of nodes per panicle 

.... No. 

6.6 ± 0.1 

6.8 ± 0.1 

Number of nodes per culm 

.... No. 

4,6 ± 0.1 

4.6 ± 0.1 

Height of leaves at harvest 

.... cm. 

65.8 ± 0.8 

63.9 ± 0.7 

Width of panicle 

.... cm. 

13.2 ± 0.5 

13,4 ± 0,5 

Length of lemmas 

.... mm. 

16.0 ± 0.2 

16.4 ± 0,2 

Length of awns 

.... mm. 

8.6 ± 0.1 

8.7 ± 0.1 

Number of plants flowering at 10 weeks 

No. 

75 

14 b 


“ Difference significant. 
b Difference highly significant. 


series of 100 families from 22 stations in central and 
northern Arizona. One to 13 families were grown 
from each station in an attempt to detect segrega- 
tion and interracial hybridization. More than one 
race could be distinguished when making collections 
at a number of stations and a special effort was made 
to get representatives of the different races. Each 
station was represented by its own local race or 
races except stations 10 1, 102, and 103 which were 
but a few miles apart along the Gila River near 
Sacaton. The Arizona collection was found to in- 
clude two distinct species, a duodecaploid B. arizoni - 
cns (Shear) Stebbins (Stebbins, Tobgy and Harlan, 
1914) and an oetoploid related to B. marginatus 
Nees, both species occurring at several of the sta- 
tions. 

In addition certain families of well-known and 
familiar races were grown in the nursery as checks. 

Results. — Race No. 2 . — Plants within a family 
proved to be extremely uniform. The families from 
a single station or from stations a short distance 
apart were also very similar, with two exceptions. 
Families from stations some distance apart were 
more dissimilar. The entire collection, however, 


maintained a marked individuality. All the families 
undoubtedly belonged to race No. 2 and maintained 
those vegetative features which distinguished that 
race from other local races. 

The stations were numbered 201 to 219. Descrip- 
tions of a few of them may further explain the above- 
mentioned generalizations. Two families that were 
grown from station 201 located at California Street 
and University Avenue in Berkeley appeared to be 
identical in every respect. Station 202 was located 
two blocks to the north of California Street. No dif- 
ferences were discovered between the two families 
of station 202 and they could not be distinguished 
from those of station 201. Station 203 was located 
nearly a mile to the north in a vacant lot. The three 
families grown from this station appeared to be 
identical with each other, but were shorter than those 
of the previous stations and flowered nearly three 
weeks later. Station 204 was located about a block 
away from station 203 and the families of that sta- 
tion resembled those of station 203 in height and 
date of flowering. 

Stations 206, 207, and 208 were located at differ- 
ent sides of a single city block. Three families were 
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grown from each of these stations. The families 
from 206 and 207 were apparently identical, but 
station 208 had two distinct family types. Two of 
the families from station 208 flowered three weeks 
earlier than the other family, which flowered at the 
same time as the families from stations 206 and 207. 
Other stations exhibited similar results. As many as 
ten families were grown from one station without 
showing any consistent interfamily differences, 
while interstation differences were frequently de- 
tected. Two stations had representatives of two 
types of families. Plants within a family were always 
strikingly uniform. 

It may be concluded on the basis of this simple 
experiment that a given recognizable local race is 
not completely uniform genetically. None of the 
families in the No. 2 collection would be mistaken 
for any other race. The general uniformity of the 
entire collection is striking when contrasted with 
other races, but small differences between families 
from different stations and sometimes between fami- 
lies from the same station were found. These varia- 
tions consisted of small differences in height of the 
leaves, time of flowering, and subtle quantitative dif- 
ferences in the size of panicle, size of spikelet, and 
other characters. The aspect of the plants remained 
unmistakably that of race No. 2, the diagnostic 
characters of white, hairy sheaths; spikelet color 
pattern; and stiff, erect leaves being common to all 
plants in the collection. 

Race, s No, 6 and 9 . — The results of measurements 
on 31 quantitative characters are shown in table 1. 
Many of these “characters” are actually different 
measurements of the same general character. The 
flrst three, for instance, in which No. 6 differs sig- 
nificantly from No. 9, refer to the relative size of 
the first lekf. Number 6 apparently has somewhat 
longer and broader first leaves and more veins be- 
cause of the greater leaf width. The next group of 
three characters which differ significantly are also 
measurements of the same aspect of growth habit, 
i.e., the branching character. Number 9 branches 
sooner and more profusely than does No. 6. The 
length of the spikelets and the number of flowers 
per spikelet are also related. Number 6 apparently 
has somewhat larger spikelets than No, 9. It also 
has a slightly larger panicle. Therefore, No. 6 shows 
measurable differences from No. 9 in respect to five 
characters, as follows: it has larger first leaves, 
larger spikelets, larger panicles, fewer branches and 
more regular flowering than No. 9. 

The differences mentioned are largely such as are 
readily susceptible to environmental modification. 
Although attempts were made to keep the environ- 
ment as uniform as possible, it is, of course, impos- 
sible to maintain identical environments for two 
groups of plants under any circumstances. Soil was 
mixed carefully before being placed in the flats and 
care was used in watering and transplanting, but 
conditions in the two flats were undoubtedly some- 
what different. How much of the difference in 
growth can be ascribed to the effect of environment 


is impossible to state. Plants of No. 6 and No. 9 
were grown together repeatedly during the course 
of this and other experiments, the impression being 
that the leaves of No. 9 were usually somewhat more 
slender than those of No. 6. Although this was not 
effectively demonstrated by the measurements, it is 
believed that the significant differences obtained in 
this respect are genetical. 

The difference in branching undoubtedly repre- 
sents a highly significant genetical variation between 
the two numbers. No relatively small difference in 
environment is likely to produce so large a difference 
in number of branches. Other lots of seed of these 
numbers showed the same results, i.e,, No. 9 
branched sooner and more profusely than No. 6. 
The differences in panicle and spikelet size were 
perhaps less significant. It would be difficult indeed 
to separate a mixture of No. 6 and No. 9 on the basis 
of these characters. In fact, the two numbers looked 
so much alike at maturity that no satisfactory meth- 
od of telling them apart was found. Even the differ- 
ence in branching is not so striking at maturity, and 
being a variable character, branch numbers of the 
two types overlap. To say with certainty that a 
particular plant was No. 6 or No. 9 without knowing 
its origin would be difficult in, extreme cases and 
impossible in many others. 

The difference in flowering habit is real and 
genetical (table 2). Number 6 flowered promptly 
in six to seven weeks after planting so that by ten 
weeks after planting all 75 plants had flowered. 
Number 9 began to flower at about the same time as 
No. 6, but with marked reluctance. By ten weeks 
after planting, only 14 of the plants had flowered. 
When No. 6 and No. 9 were crossed with No. 8, the 
early flowering habit appeared to be dominant. The 
No. 8 X No. 6 Fj plants flowered with the No. 6 
controls or very slightly afterwards, while the No. 8 
X No. 9 Ft plants showed marked reluctance to 
flower during the winter. A few of these hybrids 
produced one or two very poor panicles, but most 
of them remained in vegetative state until spring. 
The No. 8 X No. 9 plants bloomed before the No. 8 
controls, but much less profusely than did the No. 8 
X No. 6 plants, showing a real genetic difference in 
flowering habit between No. 6 and No. 9. 

Table 2 . Time from germination in August to full 
flowering. 


First Full No. of 

Race No. emergence flowering plants 


No. 6 6 weeks 10 weeks 35 

No. 8 25 weeks 97 weeks 35 

No. 9 6 weeks 20 weeks 35 

No. 8 X No. 7 weeks 12 weeks 18 

No. 8 X No. 9. . . . 8 weeks 26 weeks 24 


The two families did not, however, exhibit any 
greater differences than those between families of 
race number 2. They resemble each other more than 
they resemble families of any other race grown for 


I 
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1 ABLK 3. Uniform and segregating families taken from field A . 


Number families 

Race lype Most distinctive characters Uniform Segregating - Total 


A-l 

1 

Medium height; leaves hairy, green; panicle erect.. 

19 

7 

19 

A-l 

9 

Medium height; leaves glabrous, green; panicle 






nodding; rosette dense 

5 

3 

8 

A-l 

3 

Medium height; leaves glabrous, bluish; panicle 






nodding; rosette lax 

o 

1 

3 

A-9 

1 

Medium height; leaves hairy; panicle erect, green. . 

3 

0 

9 

A-9 

9 

Medium height; leaves glabrous ; panicle erect, green 

3 

1 

4 

A-3 

1 

Medium height; leaves hairy, panicle erect, reddish 

3 

3 

6 

A-3 

9 

Medium height; leaves glabrous; panicle erect, red- 






dish 

1 

I 

9 

A— 4 

1 

Tall, slender; panicle fine, spikelets small, early 






flowering 

14 

0 

14 

A-5 

1 

Tall, robust; panicle open, spikelets large. .. . 

19 

0 

19 


Total . 


54 

16 

70 






observation. The families, therefore, are designated 
as belonging to race number 6-9 and constitute an- 
other example of intraracial variation. 

Field A collection . — The results of the popula- 
tion analysis of the seventy families taken from held 
A are shown in table 3. Most of the families were 
uniform, even though all were obtained from seeds 
taken from open-flowered panicles, many of which 
flowered not more than a foot or two away from a 
plant of another race or type. The segregating fami- 
lies were placed arbitrarily into one class. They in- 
cluded some families which were completely uni- 
form except for one or two off-tvpe plants, and other 
families which showed complete segregation. It was 
not always possible to distinguish these families 
from partially segregating families and, therefore, 
all families indicating heterozygosity were lumped 
together. In cases where the family was uniform for 
one or two plants of a different type, the inference 
is that the parent was essentially homozymous and 
the off-types were the result of out-crossing in the 
panicle from which the family was obtained. Most 
of the interbreeding in race A-l was between type 
1 and type 2 of this race. One natural cross was 
found between A-2 and A- 3. Races A-l and A-5 
were apparently uniform, and no evidence of inter- 
breeding was detected. 

Race A~4 is the most distinctive race in the field, 
being tall with a very fine panicle bearing tiny spike- 
lets and seeds. A-l is an early race and passes its 
peak flowering period before the other races reach 
theirs. This is perhaps the main reason why not a 
single segregating family was found nor were inter- 
mediate forms observed in the field. Isolation in 
this case may be caused by differences in time of 
flowering. 

Sixteen families exhibited segregation or the pres- 
ence of off types. It must be emphasized however, 
that a special effort was made in collecting to get 
the intermediate types. The 70 families were not 
collected at random and, therefore, gave no indica- 
tion as to the actual amount of natural interbreed- 
ing. It must also be recalled that the panicles from 


which the families were derived were all chasmoga- 
mous panicles which permit cross pollination. Fur- 
thermore, the plants are perennials and intermediate 
forms could have been established over a period of 
years so that the amount of interbreeding in any 
one season must be considered substantially less 
than that indicated by the experiment. 

It must be concluded, therefore, that despite the 
close proximity of chasmogamous panicles of dif- 
ferent races in field A, and despite the several inter- 
mediate forms found in that field, the actual amount 
of interbreeding in any one season must be rather 
low. The fact that the discontinuities are preserved 
and that there is no continuous variation in the popu- 
lation in the field would indicate that free inter- 
breeding does not exist. 

The Arizona collection . — The extent of interra- 
cial hybridization detected in this sample of 100 
families is indicated in table k To test further the 
uniformity and homozygosity of several of these 
families, two or more of the most divergent plants 
were selected from some of these families and small 
subfamilies grown from them. Comparisons of these 
subfamilies gave some indication as to the amount 
of heterozygosity of the original plants and indi- 
cated whether the variation found in a family was 
genetieal or environmental. 

The following subfamilies of 15 plants each were 
grown in the greenhouse. 

101-9, two subfamilies 193-8, two subfamilies 

101-3, three subfamilies 195-4, two subfamilies 

109-9, two subfamilies 196, two subfamilies 

103-9, two subfamilies 199 -1, two subfamilies 

106-1, two subfamilies 131-9, four subfamilies 

111-9, two subfamilies 131-4, two subfamilies 

193-9, two subfamilies 

Plants in all sets of subfamilies were strikingly 
uniform within subfamilies and between subfamilies 
of a given station, with the exception of one of the 
families taken from a 131-2 plant. This subfamily 
deviated somewhat in appearance from the other 
three families in the set of four and was in itself 
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Table 4. Uniform and segregating families in the Arizona 
collection. 


Station 

Uniform 

Segregating 

Total 

101 


0 

5 

102 

3 

0 

3 

103 

1 

0 

1 

104 

3 

0 

2 

105 

3 

0 

3 

106 . 

o 

1 

3 

107 

1 

0 

1 

108 


0 

5 

109 

1 

0 

1 

110 

1 

0 

1 

Ill 

3 

2 

5 

112 

. . . . 11 

2 

13 

113 

9 

0 ' 

9 

115 

4 

0 

4 

116 

.......... 4 

0 

4 

m 

6 

3 

9 

124 

7 

0 

7 

125 

8 

0 

8 

126 

1 

0 

1 

129 

3 

1 

4 

130 

Q 

2 

4 

131 

5 

2 

7 

Total 

87 

13 

100 


irregular, clearly indicating heterozygosity of the 
parent plant for a number of characters. 

In this collection, as in the collection from field A, 
two types of segregating families were distin- 
guished. Some families appeared to be completely 
uniform except for one or two plants which were 
strikingly different from the rest. Other families 
showed complete segregation and a great amount of 
variation. In a few cases the two types of segregat- 
ing families could not be clearly distinguished and 
therefore the two classes were grouped together. 

Among the families of the Arizona collection sev- 
eral well-known races were planted as checks. These 
were local Berkeley races numbers 2, 5, and 6. The 
nursery was established in the summer of 1941 and 
plants of No. 6 flowered that fall together with some 
of the Arizona races. Plants of No. 5 and No. 2 and 
the remainder of the Arizona collection did not 
flower until the following spring. In one of the No. 6 
families, one plant stood out strikingly from the rest 
because of its height and erect habit. Number 6 was 
naturally subprostrate while the off-type plant was 
perfectly erect. 

Since the history of this family of No. 6 was 
known, it was suspected at once that the off-type 
plant was a hybrid between races No. 6 and No. 5. 
The hybrid suspect was intermediate in appearance 
between these two races except that it had the erect 
habit of race No. 5. As a final check, a No. 6 X No. 5 
hybrid and its reciprocal were obtained artificially 
and comparisons made in F* and Fg. The off-type 
plant occurring in the No. 6 family was proved in 
this manner to be a natural hybrid between No. 6 
and No. 5. 


Six other families of No. 6 were grown from 
plants which had equal opportunities for crossing 
with No. 5, but without detecting another hybrid. 
That natural interracial hybrids do occur has been 
effectively demonstrated, but that they occur infre- 
quently is indicated by the evidence of these No. 6 
families and by the infrequent detection of segre- 
gation in the Arizona and the field A collections. 

Discussion. — On the basis of the population 
analyses reported above, two unusual features of 
the variation pattern in the Bromus carinatus com- 
plex stand out clearly. The first is the extreme uni- 
formity of most families taken from natural stands. 
Comparing the uniformity of these families with 
families taken from wild plants of other species and 
genera of grasses, it is concluded that the homozy- 
gosity of individuals belonging to different races of 
B. carinatus is of an unusual order among grass 
species. The second feature is the existence of 
swarms of races as found at Berkeley. In most grass 
species hundreds of races are not found in such a 
limited area. These features are probably interre- 
lated and may be explained by the following hy- 
pothesis of the breeding structure. 

The reproductive functions of the plant are car- 
ried on for the most part by self-pollinated flowers 
either from cleistogamous or chasmogamous pani- 
cles. The resultant inbreeding results in a rapid ap- 
proach to complete homozygosity, and in strict limi- 
tation of the genetic variability of a race. Interracial 
hybrids occur occasionally through the chasmoga- 
mous panicles. The result is a highly heterozygous 
¥ 1 . Through selfing, this heterozygosity is rapidly 
reduced and in a few generations one to several new 
recombinations of the original characters become 
established as new, uniform races or types restricted 
in genetic variability. Many of the recombinations 
which are potential races or types will not become 
established, but there is a good chance that a cluster 
of types will be established, differing in only a few 
characters. Such a cluster would constitute a race 
such as race No. 2 or race No. 6-9. Thus, a swarm 
of variants and clear discontinuities between them 
may be obtained. 

The relationship of this breeding structure based 
upon the habit of facultative cleistogamy to certain 
other recognized breeding structures might be 
pointed out. Two opposing forces are at work in the 
facultatively cleistogamous breeding structure: (1) 
intense inbreeding resulting from self-fertilization 
and (2) cross-fertilization. The variation pattern 
was intermediate between the patterns of variation 
exhibited by exclusively self-fertilized species and 
those which are exclusively cross-fertilized, and it 
exhibited some features of each. 

The intense inbreeding resulting from self-polli- 
nation produces much the same kind of racial swarm 
as apomixis. In certain apomictic groups the natural 
forces which normally operate to form species do 
not function. Instead, a swarm of minute, apomictic 
races is formed which constitutes a complex. In 
their monograph on the American species of Crepis, 
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f Babcock and Stebbins (1938) found that such com- 

| plexes are not subject to the normal taxonomic treat- 

ment since true species are not formed. The whole 
group is better left as an apomictic complex. The 
complex described in this w r ork bears many resem- 
blances to an apomictic complex, but two funda- 
mental differences must be noted. First, the individ- 
uals of the apomictic complex are highly heterozy- 
gous. Second, the apomictic races are closed units, 
not subject to genetical modification except by mu- 
tation, while the cleistogamous races are not closed 
units and can occasionally cross with one another. 
(See Dobzhansky, 1941, p. 378.) 

. Another pattern of variation which shows some 

similarities to that found in B. carinatus has been 
reported for species of Poa which are facultatively 
apomictic (Miintzing, 1940). Families of this genus 
taken from nature show striking uniformity, such 
as that demonstrated in families of B. carinatus. 
Occasionally a family will produce a strikingly dif- 
ferent plant as a result of true fertilization. This 
pattern of variation is similar to that reported above 
in B. carinatus but the genetical cause is funda- 
mentally different. The individual plants of Poa are 
highly heterozygous but the families appear uni- 
form due to apomixis, and the off-type plants are 
due to a sexual combination of different gametes 
from the heterozygous parent. The individual plants 
of B. carinatus are highly homozygous and the fami- 
lies appear uniform for that reason, while the off- 
type plants are the result of sexual combination of 
unlike gametes from two different homozygous par- 
ents. Apomictic forms such as Poa spp. described 
above often have pronounced meiotic disturbances, 
while the self -pollinated are essentially regular at 
ineiosis. 

Other species which exhibit facultative cleistoga- 
my do not necessarily form a complex of the kind 
described in this paper. In the case of certain Stipa 
spp. the habit of facultative cleistogamy is similar 
to that reported in Bromus, but self-pollination 
appears to be much less important in the reproduc- 
tive functions of the plant. Families taken from 
nature show considerable variability, indicative of 
cross-pollination, and racial swarms similar to those 
of Bromus carinatus are apparently not formed. 

The taxonomic aspect of the type of breeding 
structure reported here can be summed up in the 
words of Dobzhansky (1941), pp. 378, 379: “It is 
not surprising that the groups of organisms recog- 
nized as being uncommonly ‘difficult* from the stand- 
point of delimiting species have proved to be mainly 
those in which asexual reproduction or self-fertiliza- 
tion are the only, or the predominant, modes of 
propagation. . . . the species as a category which is 
more fixed and therefore less arbitrary than the rest 
is lacking in asexual and obligatorily self-fertilized 
organisms. All the criteria of species distinction 
utterly break down in such forms.” 

It would seem, therefore, that as long as the habit 
of facultative cleistogamy persists with self-polli- 
nated flowers predominating in reproduction, clearly 

L . ___ 


delimited species within tiie complex will not be 
found. Moreover, the breeding structure as reported 
in the Bromus carinatus complex is not the only 
cause of variation. Four different chromosome num- 
bers have been reported with the strong possibility 
of allopolyploidy involving some form outside of 
the Ceratochloa section. Stebbins and Tobgy (1944) 
have also reported that races from different locali- 
ties, even when they have the same chromosome 
number, are likely to produce partly or wholly sterile 
hybrids, while slight reduction in fertility may be 
found in certain hybrids between races of the same 
locality. Much more work must be done before the 
whole geographic pattern of variation can be un- 
raveled. It is considered that the present study of 
the local breeding structure is a desirable prelimi- 
nary to the investigation of the whole problem in 
this genus. 

SUMMARY 

A total of 232 families taken from as many indi- 
vidual wild plants were analyzed for evidence of 
variation within a local race and for interbreeding 
between races. 

Plants within a family were generally extremely 
uniform, indicating a high degree of homozygosity 
for individual wild plants. 

Differences exhibited between families of the same 
local race indicate that a given race is not genotypi- 
cally uniform. 

Some families clearly showed segregation indica- 
tive of interracial hybridization. 

An hypothesis for the natural breeding structure 
in Bromus carinatus is presented involving the habit 
of facultative cleistogamy and explaining the exist- 
ence of swarms of local races. Self-pollination is 
the rule, but highly heterozygous interracial hybrids 
occur occasionally in cliasmogamous panicles. 

Through selling, this heterozygosity is rapidly re- 
duced, and in a few r generations one to several new 'J 

recombinations of the original characters become 
established as new, uniform races restricted in 
genetic variability. 

Southern Great Plains Field Station, 

W ooi) ward, Ok la hom a 
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the STRUCTURE OF THE CELL WALLS OF ASPERGILLUS AND THE 
THEORY OF CELLULOSE PARTICLES 1 


Edward S. Castle 


lx recent years a comprehensive theory of the 
formation of the plant cell wall has been proposed 
by Farr (review: Farr, 1944), important features 
of which are as follows: the cellulose framework of 
the wall is composed of microscopic particles of 
crystalline cellulose of ellipsoidal shape and dimen- 
sions 1.5 X LI ft; the particles are formed in special 
plus this or in the cytoplasm where they are micro- 
scopically demonstrable singly or in short chains; 
growth of the wall, occurs by transfer of these visible 
cellulose particles from the cytoplasm to the cell 
wall and their oriented deposition there. 

The theory is based fundamentally on microscopic 
observations and microchemical tests. Visible cyto- 
plasmic particles believed to contain cellulose were 
first seen by Farr in the eonidiophores of Aspergillus 
(ef. discussion in Clark, 1934). Cellulose particles 
have also been described in a variety of other plant 
cells including the cotton hair, although their exist- 
ence in cotton has not been confirmed by Anderson 
and Kerr (1938) or by Hock and Harris (1940). 
Because of the far-reaching implications of this the- 
ory and its bearing on cell wall studies in the fungi, 
the present paper repeats and extends the original 
observations of Farr and Eckerson (1934) on As- 
pergillus, 

Cultures of A. niger and A. clavatus, kindly fur- 
nished by Dr. I). H. Linder, were used throughout 
the present study, maintained on the modified 
Czapek agar recommended by Thom and Church 
(1926). Observations were made both in ordinary 
and in polarized light of eonidiophores at various 
stages of development, and most of the microchemi- 
cal tests were carried out on slides under the micro- 
scope. 

The young conidiophore of Aspergillus is an 
elongated cylindrical cell without cross walls, taper- 
ing to a blunt tip at the free, growing end. At this 
growing tip there is present only the primary wall, 
which does not exceed 0.5 p in thickness ; below the 
tip the wall ceases to grow in area and is thickened 
by deposition of a secondary wall on its inner sur- 
face. The mature wall of the conidiophore may reach 
a thickness of 1.5 g, as found by Frey (1927), Farr 
and Eckerson observed that the wall of the young 
conidiophore was optically isotropic, while the older 
parts of the wall were anisotropic. From this fact 
and the ability of the young wall to take up ruthe- 
nium red they concluded that the young wall con- 
tained no cellulose and was composed of “pectic 
1 Received for publication November 27, 1944, 


substance,” this later becoming lined with cellulose. 

In the present study it was found that the wall has 
a resistant framework which remains intact after 
treatment designed to remove or destroy pectic sub- 
stances. Even the delicate wall of the growing tip 
retains its integrity after treatment with dilute or 
concentrated alkali, or after heating in glycerine or 
saturated KOH. Furthermore, the young wall can 
be made feebly anisotropic by warming in dilute 
alkali to extract substances which mask its bire- 
fringence, and this birefringence can be enhanced 
by staining with iodine or Congo red. It is clear that 
the young wall, even at the growing tip of the cell, 
possesses a coherent structural skeleton which, un- 
like pectic substances, is highly resistant to alkali 
and shows evidence of oriented structure. 

Farr and Eckerson appear to have taken the in- 
creasing birefringence of the thickened, older wall 
as evidence for the deposition of cellulose. There 
is, however, abundant evidence that the polysac- 
charide framework of the wall of Aspergillus is 
composed of chitin and does not contain cellulose 
(mierochemical tests: van Wisselingh, 1925; Hop- 
kins, 1929; Bucher er ef al., 1940; chemical analy- 
ses: Behr, 1930; Norman et al., 1932; X-ray study: 
Khouvine, 1932; degradation by cliitin-destroying 
bacteria: Bucherer, 1935). This distinction has been 
confirmed in the present study by solubility and 
microchemical tests. The untreated wall or the wall 
which has been pretreated with alkali remains in- 
tact, unswollen, and undissolved in cuprammonium 
solutions that dissolve cotton fibers in a few seconds. 
Walls pretreated with alkali stain readily with 
iodine, and addition of 60 to 70 per cent H 2 S0 4 
results in swelling but no trace of the blue coloration 
characteristic of cellulose. Walls heated to 160°C. 
in saturated KOH and treated with iodine and dilute 
H 2 SO 4 according to the method of van Wisselingh 
(1925) take on the intense red-violet coloration 
characteristic of chitosan, a derivative of chitin 
formed by the action of hot concentrated alkali 
(Zechmeister and Toth, 1939). Walls .thus pre- 
treated in saturated KOH dissolve almost instantly 
in one per cent acetic acid, a further property of 
chitosan (Campbell, 1929). The absence of any test 
for cellulose and the occurrence of generally ac- 
clpted tests for chitosan support the prevalent view 
that the walls of Aspergillus contain chitin and do 
not contain cellulose. Even at the growing tip of the 
cell, these same tests show that the coherent, alkali- 
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resistant skeleton of the wall is composed of cliitin 
and not of cellulose. 

It is generally believed that the structural scaf- 
folding of most plant cell walls is largely composed 
of microfibrils of cellulose, strongly linked together 
and frequently overlying one another in various 
planes of preferred orientation (Bailey, 1940). Cell 
Avails of the higher fungi commonly possess chitin 
instead of cellulose, although the mutual exclusive- 
ness of these two substances has been questioned in 
certain cases (Nabel, 1939; Thomas, 1942). In some 
cellulose walls, as for example the cotton fiber, the 
microscopic structure is relatively coarse and indi- 
vidual microfibrils are clearly distinguishable; in 
others, including the cell walls of fungi wdiere chitin 
is present, microfibrils cannot easily be resolved. 

Farr and Eckerson described and illustrated in 
the thickened walls of Aspergillus conspicuous 
fibrils arranged in spirals and showing occasional 
changes in orientation (“reversals”) exactly as do 
the secondary wall fibrils in the cotton hair. The 
writer has searched without success for evidence of 
such visible, spirally oriented fibrils and for re- 
versals of fibrillar orientation. Between crossed 
nicols the thickened walls are bright but, unlike 
those of cotton, they extinguish sharply and com- 
pletely. Among the figures of Aspergillus published 
by Farr and Eckerson only two show reversals and 
visible fibrils arranged in spirals, and these two are 
the only figures which do not include vesicles, foot- 
cells, or other characteristic structures confirming 
their fungous origin. The writer is driven to the con- 
clusion that these two figures which show crossed 
spirals and reversals typical of cotton are not of 
Aspergillus but of cotton lint which often contami- 
nates microscopic preparations. No such structures 
are visible in any conidiophore of Aspergillus 
studied by the writer, or verifiable as Aspergillus in 
the published figures of Farr and Eckerson. Unlike 
cotton, the texture of the wall structure in Asper- 
gillus is comparable to that found in the sporangio- 
phore of Phy corny ces (Castle, 1938b), where varied 
lines of evidence also show that the wall framework 
is composed of chitin (von Wettstein, 1921; Diehl 
el al., 1935; van Iterson et al 1936; Schopfer, 
1937). 

If cellulose does not occur in the cell walls of 
Aspergillus , the demonstration of particles of crys- 
talline cellulose in the cytoplasm would be of special 
interest. In Aspergillus , as in all plant cells, the 
cytoplasm often appears granular. Granules are par- 
ticularly prominent toward the apical end of the 
conidiophore prior to spore formation. Farr and 
Eckerson found that cytoplasmic granules in the 
conidiophore could be stained by ruthenium red, and 
described these as cellulose particles each sur- 
rounded by a coating of pec tic substance. The cellu- 
losie nature of these particles was not shown by any 
chemical test, and appears to have been inferred 
from the supposed existence of cellulose in the cell 
walk Although the cell contents readily take up 
iodine and become dark and granular, at no time in 


the present study has it been possible to obtain a 
blue coloration of cytoplasmic granules by the use 
of iodine and H2SO4, even after the alkali treat- 
ment recommended by Farr and Eckerson for re- 
moval of pectic coatings. Nor were indications found 
by examination in polarized light of any visible 
anisotropic particles in the cytoplasm, or of linear 
chains of such particles. 

Discussion. — Although the theory of cell wall for- 
mation by cellulose particles appears to have grown 
from observations on Aspergillus , the consensus of 
opinion is that the walls of this fungus have a struc- 
tural skeleton of chitin and do not contain cellulose. 
The chitin content of the walls has been estimated 
to be from a few per cent to as high as 20 per cent 
(Norman, 1937; Rippel, 1937), and has been found 
to vary with age and with the conditions of culture 
(Behr, 1930). The difficulty of completely extract- 
ing the cell contents makes such estimates uncer- 
tain, and the special difficulty of preparing pure 
chitin from plant sources suggests that other con- 
stituents are intimately admixed with chitin in the 
cell walls. Repeated extraction of A. niger with hot 
water and hot dilute alkali appears necessary to 
free its chitin from soluble substances (Behr, 1930) 
and to obtain a sharp X-ray diagram (Khouvine, 
1932). The nature of these extractable substances 
is uncertain, although the alkali-soluble fraction in- 
cludes Mangin’s “callose” which, according to Nor- 
man (1937), is some form of glucose polysaccharide. 
Such substances cannot constitute the structural 
framework of the cell wall, since the wall hangs 
together tenaciously after their removal. In the re- 
sistant cell wall material of A . fischeri , Norman and 
Peterson (1932) found in addition to chitin a vari- 
able non-nitrogenous fraction, but as judged by sev- 
eral criteria there was no evidence of the presence 
of cellulose. 

Farr and Eckerson were led by the apparent 
optical isotropy of the young wall to conclude that 
no polysaccharide framework was present and that 
at this early stage the wall was composed of “pectic 
substance.” The present microchemical tests show 
that even the young wall of the conidiophore has a 
structural skeleton of chitin, and examination in 
polarized light shows that this skeleton is weakly 
but definitely anisotropic when substances which 
cancel or conceal its birefringence are extracted from 
the wall. For students of morphogenesis there is, 
however, a further important objection to the view 
implied by Farr and Eckerson that the young wall 
is solely composed of isotropic pectic substances. If 
this were the ease, there could be no possible basis 
for the cylindrical form and growth of the cell. 
Nagel i pointed out many years ago that in growing 
cells which are not subject to external mechanical 
influences, continuing deviation from the spherical 
form implies the existence of directional properties 
in the wall {cf. Thompson, 1942). Such properties 
are manifested in the polarized growth of certain 
types of cells, which can be understood only in 
terms of oriented structure in the growing wall. 
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Optical evidence of such oriented structure in grow- 
ing, primary wails has been assembled by Frey-. 
Wyssling (1935* 1936), who calls attention to the 
distinctive optical character and anisotropy of the 
primary wall of tubular cells. This evidence is in- 
terpreted to mean that the average orientation of 
micelles or microfibrils in the primary wall is more 
nearly transverse than parallel to the long axis of 
the cell. Such an interpretation has been amply con- 
firmed by subsequent studies of the orientation of 
visible systems of microfibrils in the primary wall 
of cotton (Anderson et ah, 1938; Hoek et ah, 1941)* 
and by polarized light studies of the hairs of the 
stamens of Tradescantia (van I ter son, 1937) and of 
the sporangiophore of Phycomyces (Castle, 1938b). 
A possible mode of origin of such oriented structure 
in primary walls has been discussed (Castle, 1937b; 
van Iterson, 1937; Diehl et ah, 1939). Perhaps the 
clearest demonstration that the primary walls of 
cells not encompassed in a tissue possess unmistak- 
able directional properties is given by studies of the 
oriented growth of the sporangiophore of Phyco- 
myces (Oort, 1931; Castle, 1936a, 1936b, 1937a, 
1938a, 1940, 1942). Here, quite apart from a priori 
considerations, we have direct physiological and 
morphological evidence that precludes any view of 
the basic primary wall structure as optically or 
otherwise isotropic. 

In assuming that the marked birefringence of the 
older wall necessarily indicated the deposition of 
cellulose, Farr and Eckerson were in error, since 
the birefringence of plant and animal structures 
composed of chitin is well known (Schmidt, 1989). 
The writer lias been unable to confirm the presence 


in the secondary wall of Aspergillus of conspicuous 
spiral fibrils such as occur in the cellulose wall of 
the cotton fiber. As reported by Frey (1927), the 
mature wall of the conidiopliore shows strong bire- 
fringence which is positive with respect to the long 
axis of the cell, and sharp parallel extinction. 

Frey estimated the thickness of the hyphal walls 
to be from 0.2 to 0.3 y ; the entire wall at the growing 
tip of the conidiophore is not over 0.5 y in thickness. 

Clearly such walls cannot be built of anisotropic 
particles, the minimum dimension of which is greater 
than 1 y. Bailey (1940) has pointed out that many 
cell walls containing cellulose are much less than 
one micron in thickness, with individual lamellae as 
thin as 500 A. Such facts are irreconcilable with the 
theory under discussion. 

SUMMARY 

Both the primary wall at the growing tip of the 
conidiophore of Aspergillus and the older, thicker 
secondary wall have a coherent, fine-textured struc- 
tural skeleton of chitin. There is no tenable evidence 
that the walls contain cellulose, or that identifiable 
particles of cellulose or of chitin exist in the cyto- 
plasm. At the growing tip the entire cell wall is less 
than 0.5 y in thickness and cannot be constituted of 
particles 1 y or more in diameter. Theories of cell 
wall formation by the deposition of visible cytoplas- 
mic particles of cellulose are not supported by these 
facts. | 

Biological Laboratories, 

Harvard University, 

Cambridge, Massachusetts 
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THE CYTOPLASMIC BASIS OF INTERCELLULAR PATTERNS IN VASCULAR 

DIFFERENTIATION 1 

Edmund W. Sinnott and Robert Bloch 


One of the distinctive features of organisms is 
the possession of definite bodily forms or patterns, 
which are the result of controlled growth relation- 
ships during ontogeny. The external form of an or- 
ganism or its parts is the outward expression of a 
series of inner developmental relationships between 
tissues of various types which produce the complex 
pattern of differentiated cells familiar to histolo- 
gists. This pattern is the result of differences in 
the location and duration of cell division, in the 
planes where division occurs, in the amount and 
direction of cell expansion, in changes in the cell 
wall, and in other respects. What the factors are 
which produce these histological patterns is a ma- 
jor problem of morphogenesis. 

The manner in which such patterns arise during 
development is often difficult to observe, since their 
important early stages occur in meristematxc regions 
where the cells are small, delicate, and difficult of 
access. Much more favorable material is provided by 
tissues in which regeneration is taking place, for here 
patterns are reconstructed by cellular redifferentia- 
tion in regions where the cells are comparatively 
large and are mature or nearly so. The changes which 

1 Received for publication December 4, 1944. 


go on in such cells, destined at first to form one part 
of a tissue pattern but now altered in development to 
form quite another part, are relatively easy to ob- 
serve. The regeneration, in presumptive funda- 
mental tissue, of vascular strands and particularly 
of xylem cells with their distinctive wall markings, 
is an especially good example of this. 

Such experimentally induced reconstitution of 
vascular bundles has repeatedly been described by 
Vochting ( 1892 ), Freundlich ( 1909 ), Kaan Albest 
( 1934 ), and especially Simon ( 1908 ). Among other 
experiments, Simon made transverse cuts in still 
immature internodes of Coleus , partially severing 
the vascular cylinder. Into these cuts he inserted 
mica plates. From the basal ends of the severed 
strands new bundles began to differentiate in the 
parenchyma of the pith; and, passing back of the 
incision, these ultimately joined the apical ends of 
the cut strands below, or joined intact lateral bun- 
dles. The origin, character, and course of these 
strands he found to differ depending on the age 
of the internode and the depth and position of 
the wound. Regeneration was generally basipetal. 
Freundlich ( 1909 ) studied the same phenomena 
around the severed veins of growing leaves, Kaan 
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Albest (1934) In phloem strands in herbaceous 
stems, and both Vochting (1892) and Simon (1908, 
1930) in graft unions. These workers were con- 
cerned chiefly with the causes of strand regenera- 
tion but gave relatively little attention to the early 
steps in the process or to changes induced in the 
cells. 

In such cases of bundle regeneration a descrip- 
tion of the changes undergone by these cells of the 
fundamental tissues, when they become the seat of 
a secondarily induced vascular pattern, is necessary 
before any thorough analysis of the causes of these 
changes can be made. To furnish such a descrip- 
tion, in some rather simple cases of the reconstitu- 
tion of vascular strands in regeneration, is the pur- 
pose of the present paper. 

Methods. — Internodes of Coleus hybridus w T ere 
investigated, beginning with the first which was 
freely visible (about two mm. long) and including 
the next three or four. The oldest studied had 
reached mature size but growth of their vascular 
cylinders was not yet complete. 

The young internode is rectangular in cross sec- 
tion, each corner being occupied by a large bundle, 
with smaller strands of varying size on the four 
sides. Interfascicular cambium begins to form when 
the internode has reached its full length. The pith 
consists of large and thin-walled parenchyma cells, 
which were already vacuolate in the earliest stages 
studied. 

Two oblique transverse cuts, varying in depth, 
were made in an internode, removing a wedge- 
shaped portion of the stem and interrupting more 
or less extensively its vascular system (flg. 1). Un- 
like Simon, who studied only the mature recon- 
structed strands after ten or fourteen days, the 
present writers examined the early developmental 
stages in strand formation and collected material 
daily from two to eight days after wounding. This 
was killed in CRAF, run through the butyl alcohol 
series, and stained with safranin and fast green. 
Series of sections were made transversely, radially, 
and tangentially. 

Results. — Reconstitution of xylem and phloem 
strands was often observed, and conformed to the 
description given by previous workers. The various 


differences in strand formation, depending on in- 
ternal and external factors and so adequately de- 
scribed by others, were not examined in detail. 
Particular attention was given to those cases where 
a corner bundle or one of the larger lateral bundles, 
when cut, reestablished connection between its two 
ends, or with other bundles, by the development of 
a vascular bridge in the pith. Other cases of bundle 
regeneration were also studied. 

The first observable step in the formation of such 
a bridging strand is usually an increase in the 
density of cytoplasm in a series of cells along the 
course of the future bundle, as the cells prepare to 
divide. Division here is by the method of phragmo- 
some formation previously described (Sinnott and 
Bloch, 191da). The original axis of elongation of 
these pith cells is parallel to the axis of the inter- 
node ; the plane of the new divisions, however, bears 
no relation to this axis but is parallel to the course 
of the future strand, which at this stage must there- 
fore already be established. 

In many strands these divisions are soon fol- 
lowed by others, with the result that a provaseular 
strand is formed consisting of rather narrow cells 
elongated in the direction of the new bundle; and 
from these, xylem and phloem elements are dif- 
ferentiated as in normal development. 

In the xylem, however, the daughter cells of the 
first division, still rather large, often fail to divide 
again but proceed to differentiate directly into 
tracheids. Less often, but by no means uncommonly, 
one or more of the cells in the course of the future 
strand fail to divide at all but, still preserving their 
original rectangular shape as pith cells, develop 
directly into xylem elements (fig. 7). Such cases 
were observed by Freundlich (1909) and others. 
Not infrequently a part of the xylem of a regen- 
erating strand, sometimes extending for some dis- 
tance, is composed of these metamorphosed pith 
cells, now ringed, spiral, or reticulate tracheids or 
vessels. They form a somewhat staggered row, 
but each is in contact with a similar element above 
and below or at either side. 

It is these relatively large cells, transformed 
directly into xylem elements, which are of especial 
interest, because they are large enough so that the 


the wound gap. — Fig. 2. Semi-diagrammatic drawing of a regenerated phloem strand in Golem showing the row of 
phloem cells, whose course is independent of the original tissue axis, but continuous across a number of pith cells. 
X 125. — Fig. 3, Protoxylem elements from Zea mays, showing ringed thickenings (left) and spiral thickenings 
(right). In both cases the lignified thickenings in one cell are directly opposite those in the adjacent one. Camera 
lucida drawing. X 100.— Fig. 4. Portion of a regenerating strand showing two xylem cells differentiated directly from 
pith cells, the lignified bands forming a continuous pattern. Camera lucida drawing, X 300. — Fig. 5. Portion of a re- 
generating xylem strand at edge of normal bundle (right), showing cell divisions parallel to the ' axis of .the new 
strand (indicated by arrow) and lignified bands in pith cell arranged approximately at right angles to the course 
of the strand. Camera lucida drawing. X 300. — Fig. 6. Single pith cell which has become a xylem cell, showing pat- 
tern of lignified bands and a pore. Camera lucida drawing. X 450. — Fig. 7. Enlarged portion of a regenerating xylem 
strand as shown in figure 1, passing obliquely through pith parenchyma from edge of normal strand (right), show- 
ing pattern of lignified bands in walls and the position of pore areas. The new division walls and the line of pores 
are parallel to the course of the new strand (shown by arrow). Eight days after wounding. Camera lucida drawing. 
X 300. The pattern of lignified bands on such cell walls forms a three-dimensional system, and its presentation in one 
plane will therefore vary to some degree according to the focal level. — Fig. 8. Transverse section through portion of 
cortex in air root of a G at tie y a hybrid showing system of lignified bands ( reseau de soutien) forming a continuous 
pattern. Camera lucida drawing, X 125. 
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changes in them, associated with the differentiation 
of the new vascular strands, can most readily be 
seen. The most conspicuous of these changes is the 
development of lignified bands in rings or spirals ; 
or, where lignification is more extensive, of pits and 
porous openings. The appearance of the bands is 
very different here from what it is in protoxylem 
or early metaxylem, where the cells are much elon- 
gated and pointed and the bands are all at right 
angles to the longer dimension of the cell. In these 
much wider cells the bands also tend to run at right 
angles to whichever dimension is the longer, but at 
the square ends of the cells this regular pattern is 
disturbed and the bands tend to cut across the cor- 
ners in wide arcs, although the ones most distant 
from the ends of the cell may extend straight across 
it (dig. 6). Thus when a wall is seen in face view 
the bands usually meet the side walls (seen in sec- 
tion) at right angles. Each wall — transverse as well 
as longitudinal — therefore shares the characteristic 
pattern of thickenings and pits. 

The bands in one cell are directly opposite those 
in the adjacent wall of the next cell, so that, as 
seen in longitudinal section, a complex pattern of 
curves is set up (fig. I) passing across cell bounda- 
ries and somewhat resembling the “lines of force” 
in a magnetic field. It is noteworthy, however, that 
the general orientation of such a wall pattern is 
not a random one but conforms to the orientation 
of the axis of the new strand, for the lignified bands 
usually tend to be arranged at right angles to its 
course (fig. 5). 

This relationship is especially evident, in cells 
which become vessels, in another feature of the 
characteristic lignified pattern, the pores. These 
when present are definitely related to the bands, 
each being, so to speak, an “eddy” in the band sys- 
tem (fig. 6). The pores are by no means confined 
to the transverse walls of these cells but may occur 
anywhere, and it is significant that they usually 
occupy such positions in the new strand that a line 
between the two pores of a vessel is parallel to the 
course of the new strand (fig. 7). 

Thus in three respects — the plane of cell divi- 
sion, the orientation of the ringed and spiral mark- 
ings, and the position of porous openings — there is 
evident the establishment of a new physiological 
axis in each cell which is to become part of the 
regenerated strand, an axis quite different from its 
original one and conforming to that of the strand 
which is being differentiated. Furthermore, the 
changes in each cell are definitely related, in a con- 
tinuous pattern, to the changes in its neighbor cells. 

This change in orientation is first evident in the 
cytoplasm of those cells which divide, since the 
cytoplasmic diaphragm, the earliest indication of 
the plane of division, is parallel to the axis of the 
strand. It is worthy of note that the other two indi- 
cations of the new orientation (the distribution of 
thickenings in the wall and the location of pores) 
are also manifest first in the cytoplasm. The posi- 
tion of these hands of thickened secondary wall, 


which give a distinctive sculpturing to the cells of 
the xylem, was shown by Criiger in 1855 to follow 
the distribution of bands of denser cytoplasm in 
the differentiating cell. In this paper which has 
too often been overlooked by modern botanists, 
Criiger showed that in living cells, later destined 
to be ringed, spiral, or reticulate elements, actively 
streaming strands of denser cytoplasm occupy the 
positions where the lignified thickenings are to be 
laid down. These observations were later confirmed 
and extended by Dippel (1867) and Strasburger 
(1882) and have been discussed by other European 
workers. Somewhat similar results were described 
more recently by Barkley (1927) and Majumdar 
(1940). The developmental mechanism by which 
the different cell types (ringed, spiral, or pitted) 
arise thus seems quite different from that suggested 
by Stover (1924) who believes that the type of wall 
thickening in vessels is determined by the degree 
of elongation in the surrounding tissue in such a 



Fig. 9. Portion of a regenerating xylem strand, showing 
cell divisions in pith cells and ringed and reticulate ligni- 
fied band pattern in various stages of differentiation. 
The cell at the extreme right represents an early stage 
showing denser cytoplasm only, while in the cell next to 
it bands of granular cytoplasm indicate the places where 
lignified thickenings will later be laid down. Camera 
Iucida drawing. X 425. 

manner that the first thickening is laid down in the 
pitted form and that this wall thickening is torn 
apart and the cell becomes annular, spiral, or re- 
ticulate, depending upon the amount of stretching. 

In the present material these bands of densely 
granular cytoplasm can readily be observed in 
stained preparations as the first visible steps in the 
transformation of a pith cell into a ringed or reticu- 
late xylem element (fig. 9). That these markings 
are in the cytoplasm and not in the wall is evident 
from the fact that they may be observed in plasmo- 
lyzed cytoplasm, as was noted by Criiger (1855) 
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and Dippel (1867) (fig. 10). Within a short time 
after their appearance small bands of secondary 
wall may be demonstrated in those parts of the wall 
which are directly in contact with these strands. 
Hie formation of such cytoplasmic patterns was 
also observed by the present writers in the pro- 
\ ascular cells of the meristem which give rise to 
typical protoxylem and in similar cells in regen- 
erating bundles, but can be demonstrated much 
more readily in large parenchyma cells which are 
converted directly into banded xylem elements. 

In the regeneration of phloem' strands, also, the 
establishment of new rows of cells along paths quite 
independent of the original tissue axis can readily 
be observed and has been described by Kaan Albest 
(1931). These cells, cut out of the sides of pith 
cells, are often linked up in a zig-zag course to form 
a new strand (fig. 2). Here the close relationship 



Fig. 10. Three figures from Dippel, showing develop- 
ment of reticulate wall thickenings in xylem cells of 
I m pattens noli tantjere . Ceil I shows bands of streaming 
cytoplasm. Cells II and III are plasmolyzed. Cell II, wall 
thickenings not yet developed, bands of'denser cytoplasm 
visible in retracted protoplast; cell III, wall thickenings 
present, but bands still evident in cytoplasm. 

of changes in one cell to those in adjacent ones is 
particularly evident, for each reconstructed phloem 
cell, laid down in a single pith cell, is directly con- 
tinuous with its neighbors on either side. 

Discussion.' One conclusion which can be drawn 
from the evidence here presented is that a very 
early step in the redifferentiation of cells is a change 
in the orientation of their cytoplasmic systems. In 
cells which were presumptive pith parenchyma but 
now are destined to become vascular tissue and lie 
along the course where a new vascular bundle is to 
he reconstituted, the visible pattern of cytoplasm is 
reorganized to conform to the axis of the new 
strand rather than to the axis of the stem, as at 
first. 

The stimulus for the development of the strand 
seems to originate at the basal end of the severed 
bundle but what determines its course through the 
pith to contact with some other portion of the vas- 
cular system is not clear. Evidently a particular 
series of cells, by virtue of its position in relation 


1 

to the severed bundle ends, the wound, and the rest 
of the organized system of the axis, undergoes spe- 
cific changes which result in the differentiation 
within it of a new strand. Here there seems to he 
operative what is sometimes called a morphogenetic 
field a series of developmental processes, gov- 
erned by the positional relationships of the parts 
of a living system, by which a specific pattern of 
development is produced. In a bundle here being 
reconstituted the effect of this field seems first to 
he a radical change in the orientation of the cyto- 
plasm of each cell concerned, a change which is 
soon visible in the position of new walls, and espe- 
cially in the configuration of their lignified thick- 
enings. 

It is also noteworthy that these changes involve 
not individual cells alone hut relationships between 
a considerable number of cells. The cytoplasmic 
changes which take place in one cell, as the first 
step in differentiation, are never independent of 
those which take place in neighboring cells. Thus 
the position of new cell walls has been shown (Sin- 
nott and Bloch, 19Hb) to he affected bv the posi- 
tions of similar walls in adjacent cells. In some 
tissues these walls are directly opposite eacii other 
so that a continuous series is formed. In others, the 
walls avoid each other and thus are “staggered.” 
Since wall position is here determined by a cyto- 
plasmic body, the phragmosome, these intercellular 
relations in wall position are due to relations be- 
tween the cytoplasmic systems of the two cells. 

In the same way, the cytoplasmic hands, in a 
differentiating xylem cell, which are the visible 
precursors of lignified thickenings, are related to 
similar bands in adjacent cells. This is shown not 
only by material like that here described but by the 
fact, long ago pointed out by Rothert (1899),’ that 
in adjacent ringed elements of the protoxylem the 
rings in one cell are directly opposite those in its 
neighbor (fig. 8). In reticulate and pitted elements 
this relationship is obvious for it results in the pits 
in one cell being opposite those in adjacent cells. 

There are other eases where configurations in the 
wall form a continuous pattern extending over 
many cells, as in the Casparian strip of the endo- 
dermis. The remarkable “reseau de soutien” (Van 
Tieghem, 1888), branching bands of thickened wall 
extending across a whole group of cells in the cor- 
tex of gymnosperrns and dicotyledons, e.g., the Cru- 
ciferae, or in the cortex of the air roots of orchids 
(I.eitgeb, 18(55; fig. 8), and the continuous thicken- 
ings in the enduthecium of anthers are other ex- 
amples. 

What the factors are which control the formation 
of these handed wall patterns is not clear. Similar 
rhythmic patterns in animals — the stripes of the 
zebra, the zoned wings of butterflies, the dermal 
papillae on our fingers, and others— are believed 
by many workers to he due to essentially the same 
factors which produce the familiar Liesegang rings 
in colloidal media. The formation of lignified bands 
in xylem cells may result from the same causes, 
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and Kiister (1931) has discussed the significance 
of the Liesegang phenomenon for such cells. Other 
factors are probably concerned, as well. The fact 
that the bands tend to assume a minimal length, 
which is particularly evident in their configuration 
at the corners of rectangular cells (fig. 6), and that 
their position is determined by semi-liquid strands 
of cytoplasm, would suggest that surface tension 
has a part in their distribution. At all events, it is 
clear that the factors responsible for pattern are 
operative over the living material of a considerable 
group of cells, and that the intercellular relation- 
ships thus established are the basis of the regular 
and harmonious patterns which are developed. 

The differentiation of these reconstituted histo- 
logical patterns in regeneration seems not to differ 
in its essential character from that which occurs in 
normal development. Indeed, there are many cases 
in which strands typically are differentiated in the 
midst of fundamental parenchymatous tissue. Thus 
in Luffa (Sinnott and Bloch, 1943), a system of 
interconnecting phloem fiber bundles, involving 
marked alterations of cells along their course, is 
differentiated within a homogeneous tissue of par- 
enchyma with no regard to the original orientation 
and polarity of the cells, as though a new develop- 
mental pattern were superposed on an older one. 
This is essentially what occurs in strand regenera- 
tion as here described. Whatever can be learned 
from such experimentally induced differentiation 
should be of value for an understanding of the de- 
velopment, of histological pattern in general. 

SUMMARY 

In young inter nodes of Coleus not yet fully 
grown, regeneration of vascular strands across par- 


enchymatous tissue of the pith was induced by 
severing one or more large vascular bundles. The 
new bundle connections included both xylem and 
phloem strands. The former consisted in part of 
elongate tracheids and vessels formed by procam- 
bial divisions parallel to the course of the new 
strands, and in part of vacuolate and nearly mature 
parenchyma cells, essentially isodiametric in out- 
line, which had differentiated directly into spiral or 
reticulate xylem elements without division. 

Although the original axes of elongation of the 
pith cells are parallel to the axis of the internode, 
both the new divisions in them and the configura- 
tion of the lignified bands and of the pores in tile 
undivided cells have a definite orientation relative 
to the axis of the new strand. 

This reorientation is first evident in the cyto- 
plasm of the cells, since the position of the new 
walls is preceded by a cytoplasmic diaphragm and 
since the position where each lignified band will 
later be deposited is occupied in early differentia- 
tion by a band of densely granular cytoplasm. 

This cytoplasmic pattern of bands and its final 
manifestation in the lignified thickenings are not 
independent phenomena in each cell, but form a 
harmonious pattern over a group of cells, the ele- 
ments of the pattern in one cell being directly con- 
tinuous with those in adjacent ones. 

The evidence suggests that histological differen- 
tiation, both normally and in regeneration, involves 
the establishment of such intercellular patterns or 
fields in the cytoplasm of groups of contiguous cells. 

Department of Botany, 

Yale University, 

New Haven, Connecticut 
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THE EXISTENCE OF PHYSIOLOGICAL STRAINS IN PH YS A RUM 

POLYCEPHALUM 1 

William D. Gray 



Brandza (1927), working with inyxomvcete plas- 
modia which he had collected from their natural 
habitats, observed that frequently when two plas- 
modia of the same species were placed in close prox- 
imity, they would not fuse but withdrew from the 
vicinity of each other and formed their fruiting 
structures separately. This separation occurred par- 
ticularly when the plasmodia were of slightly dif- 
ferent color and seemed to bear out Brandza" s state- 
ment that several of the species with which he 
worked were each composed of different physiologi- 
cal strains as evidenced by their inability to fuse. 
Brandza’s statement may be criticized, however, on 
the grounds that while he attempted to apply Tor- 
rend’s (1907) species criterion, lie had not met all 
of the requirements set forth by Torrend, who spe- 
cifically states that the plasmodia should be grown 
under the same environmental conditions. One might 
suppose that it was quite obvious that in some of the 
species he mentioned, Brandza was dealing with 
different strains because the plasmodia were differ- 
ent in color; however, his own earlier work (Brand- 
za, 1926) and the work of Kambly (1939) would 
cast some doubt on the advisability of employing 
plasmodial color either as a taxonomic* character or 
as a factor in the delimitation of strains or races. 
The fact that Brandza observed that plasmodia of 
the same species which were slightly differently 
colored would frequently not fuse does not neces- 
sarily mean that the two plasmodia represented dif- 
ferent strains but may mean that the plasmodia were 
in different physiological states at the time they 
were placed together. This is particularly plausible 
in view of the work of Seifriz and Zetzmann (1935) 
who demonstrated that a natural pH indicator ex- 
ists in the plasmodium of Physarum polycephalum 
Sehw., and showed that in the course of its develop- 
ment, the plasmodium of this species may change 
color several times. 

Skupienski (1931), investigating temperature 
relations of Didymium xanthopus (Ditm.) Fr., 
found that the typical form of this species would 
not produce plasmodia and fruiting bodies above 
25 °C. whereas another form of the same species 
would produce plasmodia and fruiting bodies at tem- 
peratures as high as 30 C C. ; Skupienski assigned the 
race name “ thermophilum ” to the form which was 
able to grow at the higher temperatures. 

On the basis of the work of Skupienski and Brand- 
za it seems possible that physiological strains do 

1 Received for publication December 22, 1944. 

This work was initiated during the writer’s tenure as a 
National Research Council Fellow (University of Wis- 
consin, 1938-39). The writer is indebted to I>r. William 
Seifriz, Dr. G. W. Martin, Dr. B. J. Luyet, and Dr. A. R. 
Moore, who kindly supplied him with their cultures of 
Physarum polycephalum . Thanks are also due Dr, Martin 
for his helpful criticisms of the manuscript. 


exist in some species of myxomycetes; however, the 
work of Winer and Moore (1941) would tend to 
raise further doubt as to whether Brandza was actu- 
ally working with distinct strains. These investiga- 
tors, working with Physarum polycephalum Sehw., 
found that when two sub-cultures from the same 
plasmodium were placed on different media (oat- 
meal agar and rice agar), after three weeks bits of 
plasmodia from the two different cultures would not 
fuse. They suggest that, because of the difference in 
nutrient materials with which the two plasmodia 
were supplied, changes were induced in the plasmo- 
dia which made them no longer compatible. There- 
fore, since Brandza did not actually culture the plas- 
modia which he tested, but collected them from the 
substratum on which they naturally occurred, it is 
altogether possible that the inability to fuse which 
he observed was due to differences in nutrients on 
which the plasmodia had fed. Using Brandza’s fu- 
sion test and taking into account the findings of 
Winer and Moore, it should he possible to demon- 
strate whether or not physiological strains do exist. 

It was first noticed by the writer in 1938 that two 
plasmodia of Physarum polycephalum Sehw. of dif- 
ferent origin would not fuse, even though both plas- 
modia were of the same age and had been fed on the 
same nutrient material (rolled oats, in moist cham- 
ber culture) for several months. One of these cul- 
tures had been obtained by growing plasmodia from 
spores collected by the writer in southern Indiana; 
the other had been obtained by sowing spores from 
sporangia collected by Mr. Robert Hagelstein on 
Long Island. From these preliminary observations 
it seemed quite likely that, since the two non-fusing 
plasmodia originated in widely-separated places, 
there might exist geographical races of this species 
which are so different that their plasmodia will not 
fuse. 

Materials and methods. — Throughout the course 
of this work plasmodia of Physarum polycephalum 
Sehw. were used. Stock cultures were maintained in 
the active vegetative state on oatmeal agar, but the 
plasmodia used for testing were grown by the moist 
chamber method of Camp (1936) , since it was rela- 
tively easy to obtain small, discrete plasmodial 
strands by picking them from the surface of the 
water in the moist chamber. When testing was in 
progress, fresh moist chamber cultures were pre- 
■ pared every five or six days, and all cultures were 
fed only rolled oats, feedings being made at twenty- 
four-hour intervals. For testing the various cultures 
small bits of plasmodia were used, twenty-four hours 
after their last feeding. Cultures were tested by 
pairing hits of plasmodia on 3 per cent agar in petri 
plates. In most cases this was done by placing a 
7-10 mm. length of a single plasmodial strand on 
the agar and then laying a similar piece of plasm o- 
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dium from another culture on top of it, thus forming 
a cross ; however, in some instances larger pieces of 
pi as mod la were used. At least three such plates were 
prepared for each pairing. 

A number of different cultures of P. polycephalum 
were on hand at the beginning of the experimenta- 
tion. These were obtained from various investigators 
and are herein designated by letters and numbers 
assigned by the writer. The cultures tested were as 
follows : 

A— Received from Dr. A. R. Moore, Department of 
Psychology, University of Oregon, March 15, 1944. 
The culture was received on an agar slant on which it 
was growing in conjunction with Torula aelotiana. 

M-l — Received from Dr. G. W. Martin, University of 
Iowa, September, 1943. This plasmodium was col- 
lected in Iowa City on the hymenium of a sporophore 
o f 8 eh iz o phyilum . 

M -2 — -Received in agar slant culture from Dr. Martin, 
March, 1944. This plasmodium was collected from 
rotten wood about twelve miles west of Iowa City in 
October, 1943. 

h~l Received September 16, 1943, from Dr. B. J. 
Luyet, St. Louis University. The culture was received 
in sclerotial form, the sclerotium having been pre- 
pared July 15, 1943, from a plasmodium kept for 
thirty-four months in the plasmodial stage. 

L~1 — Received in sclerotial form from Dr. Luyet, Sep- 
tember Ifi, 1943. The sclerotium had been formed on 
September 10, 1943, from a plasmodium kept for three 
years in the vegetative state. 

L-d — Received from Dr. Luyet, September 16, 1943. No 
notes except that the sclerotium had been formed on 
June 25, 1943. 

8-1 — Received in sclerotial form from Dr. William 
Seifriz, University of Pennsylvania, on September IT, 
1943. No notes. 

8-2 — Received in agar slant culture from Dr. Seifriz, 
September 27, 1943. No notes. 

Results. — The first experiment conducted witli 
each culture was designed to determine whether 
pieces of plasmodium from the same culture would 
always fuse. Repeated pairings in which all of the 
above cultures were tested have demonstrated that 
if two pieces of plasmodium from the same culture 
are placed together under the conditions described 
above, they will always fuse and form a single plas- 
m odium. In the many pairings of this type involving 
the above eight plasmodia, failure to fuse was never 
observed to occur. 

In subsequent experiments every culture was 
paired with each of the other cultures. Results ob- 
tained from these pairings are shown in table 3. 

From the results of table I, it is evident that, 
based upon whether or not fusion of paired plasmo- 
dia occurred, three distinct plasmodial strains or 
races occur among the eight different cultures of 
P. polycephalum . The first consists of a single cul- 
ture (A); the second consists of five cultures {L-l, 
L-A, L A, S- 1 , S-2 ) ; the third consists of the M-l 
and M-A cultures. It is interesting to note that all of 
the L and S cultures fuse, regardless of the combina- 
tion in which they are paired; however, this is not 
surprising in view of the fact that Dr. Luyet in- 


Table 1. Results of pairing plasmodial strands from cul- 
tures A, M-l, M-2, L-l , L-2, L-3, 8-1, and 8-2. At 
least three pairings were made for each combination. 
(“-j-” indicates that fusion occurred ; “ — indicates 
that f usion did not occur.) 



A 

L-l 

L-2 

L-3 

M-l 

M-2 

S-l 

S-2 

A 

L-l 

+ 

+ 

+ 

+ 

— 

— 

+ 

+ 

L-2 

— 

+ 

+ 

+ 

— 

— 

+ 


L-3 

— 

+ 

+ 

+ 

— 

— 

4~ 

+ 

M-l 

. — 

— 

— 

— 

+ 

+ 

— 

— 

M-2 

— 

— 

— 

— 

+ 

+ 

— 

— 

S-l 

— 

+ 

+ 

+ 

— 

— 

+ 

+ 

S-2 

— 

+ 

+ 

+ 

— . 

— 

+ 

+ 


forms me that he originally obtained his culture from 
Dr. Seifriz. 

The fact that cultures M-l and M-2 proved to be 
the same strain is interesting since they were col- 
lected in the same general region. Testing of a large 
number of cultures from different regions may reveal 
that a large number of geographical strains exist or 
may yield some definite pattern of distribution of 
the various strains. 

Since, in the testing of the eight cultures listed 
above, evidence of the existence of three strains was 
obtained, it was thought that further proof could be 
obtained if three plasmodia emerged from a culture 
prepared by placing strands from all eight cultures 
together. Accordingly, an experiment was set up in 
which small strands from all eight cultures were 
placed on agar in the .same petri dish. The strands 
were so arranged that all of their centers crossed, 
so that when the inoculations were complete the 
eight plasmodial strands formed a sixteen-pointed 
star in the center of each plate. The results that were 
obtained were in accord with what might have been 
predicted in that three distinct plasmodia resulted 
in each plate: one fairly large, since presumably it 
resulted from the fusion of five pieces {L-l, L-2, 
L-S, S-l, S-2) ; a second quite small (probably A) ; 
and a third which was intermediate in size, the as- 
sumption being that it resulted from the fusion of 
two pieces {M-l and M-2). 

Within certain limits, the difference in ages of 
two plasmodial strands (time interval between sub- 
culturing and pairing) has no bearing on whether 
or not the paired plasmodia will fuse. Using culture 
M-l, three day old plasmodia readily fused with 
four, five, and six day old plasmodia. Obviously, 
however, as already pointed out by Brandza, if one 
of the two plasmodia is advanced to the stage where 
it is about to form fruiting bodies, no fusion would 
be likely to occur. 

Nauss (1943) reported that in culture the plas- 
modium of Hemitrichia vesparium (Batsch) Macbr. 
may be parasitized and completely consumed by a 
white plasmodium which she has not identified. 
Hagelstein (1936) reported that when two plasmo- 
dia (one green, the other yellow) were placed to- 
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gether, they fused and the next day the yellow one 
had disappeared, probably devoured by the green 
plasmodium. In no instance in the present work was 
any plasmodium observed to be consumed by an- 
other. 

Discussion. — It is evident, from the results pre- 
sented above, that the species Physarum polycepha- 
lum Schw. is composed of a number of races or 
strains, the plasmodia of which are incompatible to 
the extent that they will not fuse. It should be noted 
that this incompatibility in no way approaches the 
type of antagonism exhibited by some of the fila- 
mentous fungi, different strains of which are antago- 
nistic to the degree that when in paired culture the 
two mycelia will not grow within a certain distance 
of each other. In the case of two different strains of 
P. polycephalum 9 when bits of plasmodia are so 
placed that they touch each other, they will not fuse 
but will move away to different parts of the petri 
dish ; however, in the course of the next three or four 
days they may touch or overlap each other many 
times. When such plasmodia are in contact, micro- 
scopic examination reveals that they are not fused, 
but the outline of each plasmodium may be followed 
and is seen to be distinct, with the veins of one cross- 
ing the other but never fusing. It is evident that 
each strain is physiologically distinct and different 
enough from the others to prevent fusion of the plas- 
modia. Seifriz (1944) has noted that sometimes 
plasmodia of this species will not fuse, and this 
investigator attributes lack of fusion to the presence 
of exotoxins exuded by the plasmodium. He states 
that if two plasmodia approach each other rapidly, 
they will always fuse since there has been no time 
for the accumulation of waste products on the ap- 
proaching surfaces of the plasmodia; however, if 
the approach is gradual, allowing waste products to 
accumulate, no fusion takes place. In the present 
work, failure to fuse can scarcely be attributed to 
exotoxins because in all of the pairings that were 
made, the plasmodial strands were taken from the 
1 surface of the water of the moist chamber cultures, 

I and if any exotoxin had been exuded it would have 

probably diffused into the water. Furthermore, no 
time was allowed for the accumulation of exotoxins, 
since when the pairings were made the plasmodia 
were taken from moist chamber cultures and imme- 
diately placed in direct contact with each other. 
Observations made by the writer on pairings of two 
% plasmodial strands of the same strain do not tend to 

support the hypothesis that fusion was prevented 
by exotoxins, since in a number of such cultures 
actual fusion did not occur for several days— ample 
time for the accumulation of exotoxins. 

Particular attention is called to the fact that L 
and S cultures fused, which fact indicates that these 
cultures belong to the same strain. On the one hand 
this is not surprising in view of their common origin ; 
| t however the fact that they maintained their strain 

I identity after a number of years of handling in dif- 

J ferent laboratories, by different investigators, prob- 

ably under somewhat different environmental condi- 


tions, would indicate that there is a certain con- 
stancy in the physiological attributes of the strains. 
It is not surprising that different strains of this spe- 
cies have arisen, since plasmodia are admirably 
adapted for influence by many factors of their envi- 
ronment ; however, the fact that the L and 8 cultures 
have maintained their common identity serves to 
demonstrate that strain distinction is more deeply 
seated than might be supposed. Winer and Moore 
have demonstrated that what might he termed a 
“false strain” 2 may be induced by using different 
nutritive materials, and further investigation may 
reveal that different strains may be produced by 
altering certain other of the environmental condi- 
tions. This has not been demonstrated, however, ex- 
cept in the case of nutrients. 

The testing of a large number of cultures from 
widely separated localities may yield information 
relative to geographical races of this species and 
may also yield a pattern of distribution which might 
be of some ecological significance. 

Perhaps the most significant result of these find- 
ings is the fact that it makes easily available dif- 
ferent strains of an organism which lends itself 
easily to physiological and physico-chemical inves- 
tigations on practically pure protoplasm as is evi- 
denced by the work of Seifriz: (1936), Luyet and 
Gehenio (3942), Moore (1935), Brooks (1925) and 
others. Careful investigation of different strains of 
this organism may yield information of fundamental 
importance for the explanation of slight differences 
between closely-related protoplasms. 

SUMMARY 

Small plasmodial strands from eight cultures of 
Physarum polycephalum were paired in all possible 
combinations. Fusion occurred consistently in some 
combinations; never in others. On the basis of this 
reaction the eight plasmodia could be divided into 
three strains. 

Plasmodia from the same original source but 
maintained in different laboratories by different in- 
vestigators for several years retained the capacity 
to fuse. 

Some evidence was found indicating the existence 
of geographical strains in this species. 

There was no evidence of the prevention of fusion 
by the formation of exotoxins. 

Biological Laboratory,, 

•/;. U, 'S, Quartermaster. Depot, 

Jeffersonville, Indiana 
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the production and characterization of ultraviolet-induced 

MUTATIONS IN ASPERGILLUS TERREUS. I. PRODUCTION 
OF THE MUTATIONS 1 

Alexander Hollaender, Kenneth B. Raper, and Robert D. Coghill 


In previous publications, Hollaender and Em- 
mons (1939) and Emmons and Hollaender (1939) 
have described the lethal and sublethal (including 
genetic) effects of monochromatic ultraviolet radia- 
tion on Trichophyton mentagrophytes. In that work 
it was found that wavelengths between 2000 and 
3000 A were highly effective in the inactivation of 
the organism. Similar reports have been given by 
other investigators on a number of other fungi 
(Landen, 1939; Zahl, Roller, and Haskins, 1939; 
Dimond and Duggar, 1940). It was also found that 
the wavelength which is most effective in killing is 
the same wavelength which is most efficient in the 
production of mutations, i.e., 2650 A. In other pub- 
lications the effectiveness of wavelengths longer 
than 3300, which produce toxic effects at very high 
energy values, were described (Hollaender, 1943). 
However, at wavelengths longer than 3300 no 
genetieal effects have been found. 

The mutations reported on Trichophyton were 
"morphological”; they differed from the normal in 
rate of growth, colony form, spore formation, my- 
celium formation, pigment production, and in other 
characteristics. These changes in the appearance of 
the organism persisted for many transfers. Since 
' Trichophyton mentagrophytes has no known sexual 
stage, it was not possible to analyze the mutations 
by accepted genetieal techniques. A similar study 
with X euros para cra.ua, a fungus with a sexual 
stage, permitted Hollaender, Sansome, Zimmer, 
and Demerec (1945) (see also Lindegren and 
Lindegren, 1941) to make a genetieal analysis of 
the mutations produced by radiation. It is there- 
fore quite safe to state by analogy that the changes 
produced in Trichophyton are definitely genetieal. 
Mutations produced by ultraviolet have been studied 
by other investigators including: Stadler and Uber 
1 Received for publication December 30, 1944. 


(1942) on the pollen of maize; Knapp, Reuss, 
Risse, and Schreiber (1939) on liverwort; and 
Mackenzie and Muller (1940) and Demerec, Hol- 
laender, Houlahan, and Bishop (1942) on Droso- 
phila. These studies have well established the fact 
that ultraviolet is an efficient means of producing 
mutations. 

There is little doubt that the change in morpho- 
logical appearance of the fungus colonies is based 
on a change in the chemical makeup of the irradi- 
ated spores or in a change in the succession of 
chemical events in the irradiated spores. It is rea- 
sonable to expect that changes in the genetieal 
makeup of an organism would interfere with its 
metabolic function by destroying certain enzymes, 
which might make it impossible for the organisms 
to produce certain vitamins, enzymes, amino acids, 
etc., essential for the organism if it is to grow on 
a simple synthetic medium. The technique showing 
this effect has been established by the group work- 
ing with Beadle and Tatum (1941). Another possi- 
bility is that the irradiation produces a genetieal 
change resulting in a change of chemical function, 
which brings about an increase in the yield of cer- 
tain chemicals produced by the organism. It is 
conceivable ( 1 ) that the chemicals are produced as 
byproducts or waste products and are of no fur- 
ther use to the organism, or (2) that they are inter- 
mediates from which the organism can synthesize 
certain essential compounds. It should be possible, 
therefore, to shift the metabolism of an organism by 
changing its genetieal makeup, so that the produc- 
tion of these waste materials or intermediate metabo- 
lites is decreased or increased. The production of a 
mutation with increased yields of waste products 
might be a rarity, but the possibility definitely ex- 
ists. In general, in attempting to make an organism 
produce appreciable, quantities of a certain chemi- 
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cal, one starts out with a strain which is known to abundant conidial heads. The spores (eonidia) were 
produce this substance at least in a small quantity. washed off in sterile water containing lauryl sul- 
We came across this type of phenomenon in colo- fonate in a concentration of 1 to 100,000, the sus- 
nies which originated from irradiated spores of Tri- pension was shaken in a culture tube vigorously by 
ehophyton. It was noticed that the normal organism hand, filtered through sterile absorbent cotton, and 
produced a small amount of pigment. Occasionally precipitated by centrifugation. The precipitated 
mutations were found which produced similar types spores were resuspended in sodium lauryl sulfonate 
of pigment in large quantities. These mutations pro- and refiltered; the resulting suspensions were quite 
duced sufficient pigment to permit its isolation, uniform and were used for irradiation in a concern 
Kresling and Stern (1936) reported that the pro- tration of about 100 X 10° spores per ce. The mini- 
duction of citric acid was increased in a radon- ber of spores was determined in a blood counting 
induced mutation of Aspergillus niger . chamber. 

The technique of modifying the metabolic action Irradiation technique. — Radiation from a mc- 
of micro-organisms is of considerable promise and dium-pressure, water-cooled, quartz-capillary, mer- 
has many applications. In this series of articles we eury-vapor lamp of tiie Daniels-Heidt type was 
shall describe a preliminary study of the effects of concentrated on the entrance slit of a large quartz 
monochromatic ultraviolet radiation on Aspergillus monochromator. The emerging monochromatic beam 
terreus. The first article will describe the physical was concentrated on a standardized thermopile or 
aspects of this problem; the second will discuss the on the front face of a special exposure cell. The 
mycological aspects and describe mutations with material in the exposure cell was stirred during 
certain deficiencies ; and the third will describe irradiations so that on the average each spore was 
itaeonic acid production by organisms coming from exposed to an equivalent amount of energy. Before 
the irradiated and nonirradiated control spores. and during the process of irradiation samples were 
The strain of Aspergillus terreus which was used in removed for plating. (For details, see Hollaen- 
this investigation represented the best itaeonic acid der and Claus, 1936). 

producer among some 30 cultures studied by Moyer This study covers three wavelengths: 2280 A, 
and Coghill (1945), The purpose of our experi- 2650 A, and 2967 A. It has been customary in our 
merits was to produce mutations which would yield laboratory to use a larger number of wavelengths; 
sufficient itaeonic acid to make their industrial use but since our purpose in this study was to get suffi- 
feasible. This work was done in 1941. Because of cient material for testing the effect of ultraviolet 
certain war exigencies, publication has been delayed irradiation on itaeonic acid production, only a lim- 
until now. ited number of wavelengths were used. The purity 

The culture of Aspergillus terreus used in our of these bands was fairly high. All energy entering 
tests was No. 265 from the culture collection of the the exposure cells was absorbed because the density 
Northern Regional Research Laboratory, and was of the suspension was so high that none of the 
earlier obtained from the Thom collection as No. radiation penetrated the entire cell. 

5474.F11. The organism was originally isolated Treatment after irradiation, — After irradia- 
from Texas soil by Professor Marie B. Morrow tion the spore suspension was diluted with physio- 
(ca, 1936). Cultures seeded upon Czapek’s solu- logical salt solution and plated in Czapek’s solu- 
tion agar slants were incubated for 10 days at room tion agar. At least three plates were poured for each 
temperature. Growth was luxuriant and spore pro- dilution, and usually two or three dilutions were 
duction heavy, the cultures becoming cinnamon made. The colonies were counted after an incubation 
brown in six to eight days from the production of period of 3 to 4 days at 26° C. All the colonies were 


Table 1. Energy absorption, survival , and mutation data from irradiation of Aspergillus terreus in a typical experi- 
ment {exp. 20) using 2650 A. 


Run 

Control 

1 2 3 

4 

5 

6 

7 

8 

9 10 

Energy (ah- 
s o r b e d ) in 
ergs p e r 

spore 10~4. . . 

0 

12.5 25.2 43.9 

61.6 

81.9 

1 12.2 ’ 

IS 1.8 

160.S 

214.3 248.6 

No, of viable 
■ s p o r e s ' re- 
maining® ..... 

100 XW 

68X100 04X100 UX100 

X 

6.7 X 105 

2.7 X 103 

6.9X104* 9, 

,3X l(H h 

UX104* 6.4 X 10®* 

Per cent 'sur- 
vival 

100 

6.5 64 14 

2.5 

.67 

.27 

.069 

.093 

0.014 .0065 

No. of colonies 
isolated 

30 

30 30 30 

SO 

SO 

SO 

SO 

SO 

30 SO 

Per cent muta- 
tion 

0 

13.4 13.4 2(1.7 

26. 7 

6.8 

10 

3.0 

6.8 

13.6 10 



Spores plated out immediately after irradiation. For details see text. Values marked ( h ) are the less reliable ones. 


percent survival 



Fig. L A, Control colonies developing from non-irradiated conidia; dilution 1:1,000,000; age, 3 days. B, Irradia- 
tion at 2967 A for 1 hour; dilution 1:1,000,000; age, 4 days. O . Irradiation at 2967 A for 2 hours; dilution 1:100,000; 
age, 4 days. Note progressive reduction in number of colonies developing and decrease in growth rate of individual 

colonies. 


counted on plates containing from 20 to 200 colo- 
nies per plate. In general, the irradiated spores 
germinated or formed visible colonies considerably 
later than the controls. This is illustrated in figure 
1. After the colonies were counted, certain sections 
of the control and irradiated plates were marked 
off, and single individual colonies were transferred 
to Cssapek’s solution agar slants. The mutation rates 
were determined by examination and comparison 
of these tube colonies 6 to 10 days after transfer. 



Fig. 2. Per cent survival plotted against energy ab- 
sorbed per spore (\ 2650 A). 


Results. — The results of a typical experiment 
are given in table 1. The energy is given in ergs 
absorbed per spore. For the method of calculating 
the energy, see Hollaender and Emmons (1939). 
The number of viable spores was determined from 
plate counts, and the values are averages of at least 
three plates. The data on runs 7, 8, 9, and 10 are 
less reliable. In figure 2 we have plotted the sur- 
vival ratios against energy absorbed per spore. 

Table 2 shows the energies necessary to produce 
50, 75, 90, 99, and 99.9 per cent killing for the 
three wavelengths used. The variability of the sensi- 
tivity of the spores from batch to batch is quite 
striking. (See data on A 2650 A.) Why this is so 
is difficult to say; it might be caused by the differ- 
ences in thickness of cell Wall and the density of 
the pigment. Since the ultraviolet must penetrate 
to the chromatin before it can become effective, it 
is essential that it pass through the cell wall and a 
considerable portion of the cytoplasm. This same 
variation in sensitivity of different batches of spores 
has also been observed in other fungi (Hollaender 
and Emmons, 1939; Hollaender, Sansome, Zimmer, 
and Demerec, 1945 (in press). 

The relative sensitivity of the spores to the other 
wavelengths tested in these experiments falls into 
the general pattern observed previously, i.e., the 
highest sensitivity is at 2650 A, followed by de- 
creased sensitivity at 2280 A, and finally by the 
lowest sensitivity at 2967 A. For a detailed analysis 
of a typical fungus inactivation curve see Hollaen- 
der and Emmons (1939). 

Colonies from control and irradiated plates were 
isolated on Czapek’s solution agar slants. No selec- 
tion was made; the number usually picked was 30 
per exposure, while in one case (expt. 32) only 15 
colonies per exposure were isolated. These slants 
were incubated for 10 to 14 days at 26 °C. At the 
end of this period, a careful examination of the 
isolated colonies was made, and the colonies which 
appeared different from the normal were separated. 
Since the Czapek’s solution agar is an incomplete 
medium, 2 the tendency for organisms which had lost 

2 No attempt was made to use the most highly purified 
chemicals. 
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Table 2 . Effectiveness of three wavelengths in killing Aspergillus ter reus spores. All values in 

ergs per spore , 


Wave Experiment 99.9% 

length number 50% 75% 90% 99% killing 


£650 A F29 £0X10 4 38X10-1 OSXHM 78X10-4 I -25X10*4 

F32 U 17 24 30 60 

F34 22 35 60 80 120 

2280 A F83 84 88 100 140 

2967 A F30 210 320 440 700 


the ability to synthesize certain essential compounds 
would be to grow very slowly on this medium and 
not necessarily show the usual characteristics asso- 
ciated with Aspergillus ter re us. 

A classification of the mutations in a typical 
experiment as they appeared in the initial agar 
slant cultures is given in table 3. In general, this 
tentative grouping agrees with that subsequently 
developed in the repeated cultivation of mutant cul- 
tures. (For a detailed discussion of the cultural and 
morphological characteristics of the mutants, see 
the second article in the series by Raper, Coghill, 
and Hollaender ( 1945 ). In table 3 classifications 
are based only on morphological appearances and 
do not bear any relation to possible chemical activ- 
ity. We will discuss here only the quantitative 
aspects of the appearance of the morphological 
mutations. It is important to point out that in the 
main these persisted through many transfers and 
can be accepted as permanent (Raper, Coghill, and 
Hollaender, 1945 ). It should be kept in mind 
that the colonies were grown on Czapek’s solution 
agar. When the cultures were transferred to a more 
complete medium (e.g., potato-dextrose or malt 
agar) many more of the cultures appeared normal, 
and the percentage of morphological mutations was 
materially reduced. 

The survival ratio curve and the corresponding 
mutation curve for X 2967 A are plotted in figure 3. 
The percentage mutation refers to the number of 
colonies from irradiated surviving spores which 
showed marked morphological changes. As Emmons 
and Hollaender ( 1939 ) and Hollaender and Em- 
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Fig. 3. Upper graph: per cent survival against energy 
absorbed per spore. — Lower graph: per cent mutations 
against energy absorbed per spore for corresponding 
survivals as given in upper graph. 


Table 3. Numbers and types of mutations 

obtained 

in a 

typical experiment (exp 

29) using 26c 

W A . 


Colony type Control 

Il-I 

'■ K-2 

R-3 

R-4 

Sample number 
R-5 TI-6* 

R~7 R~8 

II -9 

R-10 

1. Normal appearing— red exudate 

1 



l 

1 


1 


2. Very woolly — dark diffuse pigment.... 


1 



1 



1 

3,. Yellow ' woolly ■ 

I 


2 

1 




l 

4. White woolly 



1 



i 



5. Slow-growing — small 


1 

1 






6. Limited colony— uniform appearing 

1 


1 

3 

1 


1 


7. Limited colony — raised, late sporing, . . . 

1 

2 

'2 

. 2 

1 1 

1 1 

1 

l 

8. Leathery 


. . 


... ' 

, , . 


1 

, . , . 

9. Erupted 


... 

1 


1 

. . . . .. 



10. White conidial heads 


v 

•v:. 

1 







k. 
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Taui.k 4- Per rent survival and per cent mutations resulting from irradiated conidia when 
plated out immediately after irradiation and after incubation for 2 and 4 days in physio- 
logiml salt solution. Each figure is based on 15 isolations made at random. Irradiation 

with 2650 A. 


Exposure 
time 


Per cent 


Per cent mutations after incubation 



(minutes) 

survival 

0 days 

2 days 

4 days 

Control 

0 

100 

0 

0 

0 

R on 1 

. . 15 

74 

13.3 

26.6 

33.3 

Run 4 ■ . . .... 

.. ... 25 

6.4 

20 

? 

47 

Run 3 

41 

.7 

13 

13.3 

13.3 

Run 4 

61 

.09 

19 

33.3 

13.3 
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mons (194*1) observed previously, the mutation 
curve rises to a maximum and then declines rather 
slowly or else becomes more or less erratic. How- 
ever, the number of colonies isolated in this study 
was too small to permit of a more careful analysis 
of this phenomenon. 



XIO “ 3 ERGS PER SPORE 

Fig, 4. Per cent mutations (summary of mutation rates 
given in table 4) against energy absorbed per spore. 

It had previously been observed that incubation 
in certain salt solutions of the spores after irradia- 
tion might increase the percentage of mutations 
(Hollaender and Emmons, 1941). An extensive ex- 
periment of this sort was conducted on Aspergillus 
terreus. The organism was plated out just before 
and immediately after irradiation. The irradiated 
and control spore suspensions were then incubated 


for two and four days and were plated out at the 
end of each period. The results of the mutation 
tests are given in table 4, and a graph of the per 
cent mutations against energy absorption is pre- 
sented in figure 4. 

Runs 1 and 2 show an increase of mutation with 
extended incubation. The appearance of mutations 
in runs 3 and 4 is erratic. For a discussion of the 
reasons for increase of mutation with incubation, 
see Hollaender and Emmons (1941). No effect of 
energy on the distribution of type of mutation could 
be recognized. One important point needs emphasis. 
A considerable percentage of Aspergillus terreus 
spores had mutated after only about 20 per cent of 
the spores had been killed by ultraviolet radiation. 
In contrast to this observation, significant mutation 
with Trichophyton mentagrophytes (Emmons and 
Hollaender, 1939), Penicillium notatum (Hollaen- 
der and Zimmer, 1944), and Neurospora crassa 
(Hollaender, Sansome, Zimmer, and Demerec, 
1945) was found only after about 50 to 70 per cent 
of the spores were unable to form viable colonies 
after irradiation in the ultraviolet (2280 to 
2967 A). 

SUMMARY 

The method for the production of mutations in 
Aspergillus terreus by ultraviolet radiation is de- 
scribed. 

The probability of producing “deficient” mu- 
tants through chemical changes and the occasional 
appearance of mutants having increased ability to 
produce certain compounds is pointed out. 

Results are given on the per cent of mutation 
and survival after exposure to X 2280, 2650, and 
2967 A. 

The effect of secondary treatment after irradia- 
tion and the characteristic appearance of mutations 
after a relatively small number of spores are killed 
are reported. 

Industrial Hygiene Research Laboratory, 

National Institute of Health, 

Rethesda, Maryland 

Fermentation Division, 
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Bureau of Agricultural and Industrial 
: Che mistry, 

U. S. Department of Agriculture, 

Peoria, Illinois 
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THE PRODUCTION AND CHARACTERIZATION OF ULTRAVIOLET-INDUCEI) 
MUTATIONS IN ASPERGILLUS TERREUS. II. CULTURAL AND 
MORPHOLOGICAL CHARACTERISTICS OF 
THE MUTATIONS 1 

Kenneth B. Raper, Robert D, Coghill, and Alexander Hollaender 


Cgnidia of a selected strain of Aspergillus ter- 
reus Thom, NRRL 265, were exposed to monochro- 
matic ultraviolet radiation in an effort to obtain mu- 
tations characterized by an increased production of 
itaeonie acid. Selection of this strain was based upon 
the work of Moyer and Coghill (1945), who had 
found it to be the most productive of some 30 strains 
of A. terreus contained in the culture collection of 
the Northern Regional Research Laboratory at the 
time the present investigations were initiated. Em- 
ploying a medium somewhat different from -that 
used by Calam, Oxford, and Raistrick (1939), who 

1 Received for publication December 18, 1944, 
Presented by Dr. Alexander Hollaender at a joint meet- 
ing of the Botanical and Mycologieal Societies of America, 
Cleveland, Ohio, September 12-14, 1944. 


were the first to report the production of itaeonie 
acid by A. terreus , Moyer and Coghill succeeded in 
obtaining substantial yields of the acid with strain 
265. ' * ■ ' 

The- radiations were performed at the National 
Institute of Health, Bethesda., Maryland, and meth- 
ods and apparatus previously described by Hollaen- 
der and Claus (1936) and by Emmons and Hol- 
laender (1939) were employed. Suspensions of 
spores (eonidia) were prepared from 10- to 12- 
day-old cultures, and were made up in sterile 
water or saline (1936) with sodium l&uryl sul- 
fonate added as a wetting agent in a concentra- 
tion of 1 to 100,000. The spore suspensions were 
contained in a glass cell, provided with quartz win- 
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dows, during radiation and were stirred continu- 
ously to insure uniform exposure (1936). Three 
wave lengths were employed, namely, 2650, 2280, 
and 2967 A. Samples were removed from the sus- 
pensions after different intervals of radiation and 
were immediately diluted and plated in Czapek’s 
solution agar (Thom, 1930, p. 42). Following an 
incubation period of three to four days at 26° CL, 
colony counts were made to determine the lethal 
effects of radiation ; and subsequent to this, random 
isolations were made to determine the types and 
abundance of the mutants produced. Small portions 
of colonies from the original dilution plates were 
transplanted to Czapek agar slants and allowed to 
develop from 8 to 10 days at room temperature. The 
number and types of obvious mutants obtained were 
noted, and the cultures were retained for further 
study and observation. Details of the above work 
are reported in a separate paper by Hollaender, 
Raper, and Coghill (1945), which represents the 
first of a series of three reports dealing with the 
production, characterization, and evaluation of mu- 
tants of A. terreus. 

Cultures developing from irradiated spores were 
investigated from two points of view. A large num- 
ber of isolates, including both obvious cultural 
and morphological mutants and apparently normal 
strains, were studied in tube and Petri dish culture 
upon a variety of substrata over a period of 12 
months to secure as much information as possible 
regarding the cultural, morphological, and physio- 
logical characteristics of the mutants produced. The 
results of this investigation are reported in the pres- 
ent paper. It is primarily inycological in nature and 
constitutes the second of the above-mentioned series. 
An equally large number of strains, which for the 
most part were the same as those included in the 
present study, were surveyed for the production of 
itaconie acid. The results of this survey are reported 
separately by Lockwood, Raper, Moyer, and Coghill 
(1945) and constitute the third paper in the series. 

As a matter of convenience, results of the present 
study are presented under the following topics : ( 1 ) 
extent of study; (2) characterization of mutants; 
(3) high acid-producing mutants; (4) influence of 
the culture medium; (5) stability of mutants; and 
(6) general discussion. 

Extent of study. — Altogether isolations were 
made from approximately 1,500 colonies resulting 
from irradiated spores, and it was from these iso- 
lates growing in tube cultures upon Czapek’s solu- 


tion agar that the data presented by Hollaender, 
Raper, and Coghill (1945) were compiled. In the 
present investigation the number of strains studied 
was limited to approximately 200. These included 
a very limited number of isolates from single, non- 
ir radiated spores, 60 strains resulting from irradi- 
ated spores which appeared normal at the time of 
isolation, and approximately 130 strains resulting 
from irradiated conidia which appeared as obvious 
cultural and morphological mutants. Each of the 
strains was grown upon a variety of substrata, in- 
cluding (1) standard Czapek’s solution agar with 
sodium nitrate and sucrose (Thom, 1930, p. 42), 
(2) Czapek’s solution agar with ammonium nitrate 
instead of sodium nitrate, (3) Czapek’s solution 
agar with urea instead of sodium nitrate, (4) 
Czapek’s solution agar with dextrose instead of 
sucrose, (5) Czapek’s solution agar with 1 per cent 
of added corn steeping liquor, (6) potato dextrose 
agar, and (7) malt extract agar containing two per 
cent dextrose, two per cent malt extract, and 0.1 per 
cent peptone. In addition, each of the isolates was 
grown through ten successive culture generations 
upon standard Czapek’s solution agar during a pe- 
riod of approximately one year. The objective in 
employing different culture media was to determine 
roughly the effect that changes in substrata would 
exert upon the cultural and morphological appear- 
ance of the isolates. The objective in repeated cul- 
tivation upon the same medium was to determine 
whether altered characteristics which distinguish 
strains as mutants would be inherited and therefore 
prove stable, or whether they were transient in char- 
acter and would be outbred during successive peri- 
ods of growth. An even smaller number of strains, 
representative of the different types of mutants en- 
countered, were studied intensively, and detailed 
cultural and microscopical observations were made. 
Characterization of the different types of mutants 
is based primarily upon this latter group of cultures. 

Characterization of mutants. — Not all of the 
mutants produced could be readily classified, but 
the majority of those which were culturally appar- 
ent could be grouped into a limited number of fairly 
definite types. In some cases, types were represented 
by single isolates only. In other cases, multiple iso- 
lates belonged to the same type and closely dupli- 
cated one another in appearance, irrespective of the 
wave length employed or the period of radiation 
involved in their production. In still other cases the 
types were very indefinite, and while a sufficient 


days, natural size; A% } marginal portion of colony showing crowded columnar heads, X 8; A :lf photomicrographs show- 
ing details of typical eonidial heads, X 450. — B. ‘Typical” albino mutant, strain 33-10-4: B it colony on Czapek’s solu- 
tion agar, 21 days, natural size; margin of colony showing crowded white columnar heads, X 8; eonidial 
heads showing normal character, X 450.— <7. “Atypical” albino mutant, strain 30-9-12: C\, colony on CzapekLs solution 
agar, 21 days, natural size; C 2 , marginal area showing irregularly shaped eonidial heads, X 8; C& photomicrograph 
showing normal character of vesicle and sterigmata but imperfect conidium formation (see text p. 7), X ,450. — I). 
Granulated mutant, strain 32A-S-1-12: I) lf colony growing upon Czapek’s solution agar, 21 days, natural size; IL, 
marginal area of same colony showing aggregated eonidial structures, X 8; D :{ , photomicrograph showing abnormal 
sterigmata and few and slightly larger conidia, X 450. — E. Yellow- white (floccose) mutant, strain 30-9-5: E t colony 
growing upon Czapek’s solution agar, 21 days, natural size; E 2 , margin of colony showing small eonidial heads, X 8; 
E& photomicrograph showing abortive eonidial structures consisting of vesicles devoid of sterigmata, X 450. 
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number of essentially similar strains were obtained 
to establish general cultural and morphological as- 
pects, many other strains were observed which de- 
viated from these patterns to a greater or lesser 
degree. In considering the cultural and morphologi- * 
cal characteristics of various mutant types, attention 
will be given only to their most striking features. 
Detailed comparisons of cultures upon all media will 
not be reported. 

To characterize successfully the various types of 
mutants it is necessary first to describe and illus- 
trate the salient characteristics of the parent strain 
from which the mutants were derived. 

The parent strain, culture NRRL 265, is entirely 
typical of the species Aspergillus terreus Thom and 
may be characterized as follows: 

Colonies upon Czapek’-s solution agar growing 
rapidly at 25° to 30 °C., attaining a diameter of 6 
to 8 cm. in 10 to 14 days; 1 to 2 mm. deep; more or 
less irregular, with margin either dentate, lobed, or 
entire (fig. 1, Ax) ; plane, or developing radial fur- 
rows; zonate or azonate; uniform in color or with 
central area in somewhat lighter shades, heavy spor- 
ing throughout, with massed conidial heads lending 
colonies their distinctive color and texture ; conidial 
heads arising largely from submerged liyphae and 
forming a dense stand, but also arising from raised 
tufts and scattered trailing vegetative liyphae in cen- 
tral areas; mature heads cinnamon to Sayal brown 
(Ridgway, PI. XXIX) 2 ; submerged mycelium color- 
less to light brown; exudate limited in amount, clear- 
amber in color; colony reverse in brown shades with 
the surrounding medium colored yellow. Conidial 
heads columnar, compact, of uniform diameter 
throughout (fig. 1, A 2 ) or with uppermost portion 
slightly expanded; commonly ranging from 35 to 
55 /x in diameter, and from 150 to 500 /x or more in 
length depending upon age and other factors; light 
in color when young but ranging from cinnamon- 
buff through cinnamon to Sayal brown (Ridgway, 
PL XXIX) at maturity. Conidiophores somewhat 
sinuous, smooth-walled (fig. 1, A;*), colorless, usu- 
ally arising from well-defined foot cells ; ranging 
from 175 to 250 p in length by 4.5 to 6.0 p in diame- 
ter; wall comparatively heavy, ranging from 0.5 to 
0.8 p in thickness in upper portion to 0.6 to 1.0 p in 
basal area. Vesicles domelike, with approximately 
the upper two-thirds bearing closely crowded sterig- 
mata (fig. 1, A,*..; ) ranging in diameter from 11 to 
16.5 g. Sterigmata in two series (fig. 1, A ;{ ) : pri- 
mary sterigmata closely crowded, parallel, ranging 
from 5.0 to 5.6 p in length by 1.6 to 2.0 /x in width, 
each bearing 2 or 3, rarely 4, secondary sterigmata ; 
secondary sterigmata closely crowded, parallel, 
ranging from 5,8 to 6.6 /x by 1.2 to 1.8 ft, Conidia 
adherent in long chains, light golden in color when 
viewed under high magnifications ; smooth- walled, 
slightly elliptical, 1.6 to 2,0 ft by 2.0 to 2.4 p f or 
subglobose, 1.8 to 2.2 p in diameter. Vegetative my- 

a Ridgway, Robert. 1912, Color Standards and Color 
Nomenclature. 43 pp. ; 58 colored, plates, Washington, 
1). C. 


celium hyaline, ■ thin-walled, of variable diameter 
but generally 1.5 to 3.0 /x wide, irregularly and fre- 
quently branched, bearing occasional rounded to 
ovate bodies of 4.5 to 6.0 p in diameter on short 
lateral branches. 

On other commonly used substrata, such as malt 
and potato-dextrose agars, colonies grow more rap- 
idly, are essentially plane, and are characterized by 
a more abundant growth of fioceose aerial hyphae. 
Details of conidial structures and other morphologi- 
cal features are the same as those described above. 

Type I. “ Typical ” albino . — This mutation oc- 
curred among the isolates produced by each of the 
three wave lengths employed. All strains duplicated 
one another and apparently differed from the parent 
culture only in the presence of unpigmented conidial 
heads. Mutants of this type are completely stable in 
culture. Strain 30-10-4 (ex, 2967 A) illustrated in 
figure 1, B'i to B-> is representative. Yields of itaco- 
nie acid* were approximately equal to those of the 
parent strain. 

Type II. “Typical” buff, — This type was repre- 
sented by a single isolate, strain 33-8-3 (ex, 2280 
A). It differs from the parent strain primarily in 
the color of its conidial heads which at maturity are 
light buff (Ridgway, PI. XV) rather than cinnamon- 
brown. It appears to be somewhat intermediate be- 
tween type I and the parent strain and is stable in 
culture. Acid production is comparable to the parent 
strain. 


Type III, “ Atypical ” albino. — This type was 
represented by a single isolate, strain 30-9-12 (ex. 
2967 A). It produces colorless conidial heads of 
very atypical morphology. Heads are loosely colum- 
nar rather than compact and are comparatively 
short (fig. i, C 2 )« Miniature droplets of clear exu- 
date commonly collect on the heads and on drying 
lend to them irregular and commonly bizarre shapes. 
Sterigmata are normal in size, shape, and arrange- 
ment; but conidium formation is incomplete and 
abortive with the result that individual spores are 
not properly differentiated and adhere into long 
chains which fail to break up in liquid mounts (fig. 
1, €•*). Septation in the chain is incomplete and 
individual conidia appear somewhat vacuolate. 
Viewed under low magnifications (dry) the spore 
mass seems to consist of colorless, slightly granular 
threads that commonly interweave with those of 
adjacent heads. The mutant is completely stable In 
culture. Acid production is very poor. 

Type IV. Granulated .* — Mutants of this type dif- 
fer markedly from the parent strain in the appear- 
ance of the colony and in structural details. Colonies 
are light tan in color and upon Czapek’s solution 
agar normally appear granulated from the irregular 
development of conidial heads (fig. J, I) 2 ). Heads 

11 Data regarding itaeonic acid production by mutants 
resulting from irradiated conidia have teen generously 
supplied by Dr. Lewis B. Lockwood. See also Lockwood. 
Raper, Moyer, and Coghill. 1945. The Production and 
Characterization of Ultraviolet- Induced Mutations in At r- 
rnryUlu# terreus. III. Biochemical Characteristics of the 
Mutations, 




Fig. 3. Nutrient deficiency mutations in Aspergillus ter reus, NRRL No. 265. — A. Strain 30-9-10 (type X) charac- 
terized by an inability to utilize nitrate nitrogen: A lf characteristic thin, spreading, light-sporing colony growing upon 
Czapek’s solution agar with sodium nitrate. A% s heavy sporing, normal colony on malt extract agar; A%, typical colum- 
nar heads produced on Czapek’s agar with sodium nitrate, X 25; A 4 , photomicrograph showing normal character of 
same heads, X 450.- — B. Strain “Mutant C” (type IX) characterized by an inability to synthesize thiamin: £> 1 ., thin, 
nonsporulating colony on Czapek’s solution agar; B^, wholly normal colony on malt extract agar. — C. Culture in which 
(/), mutant C and (^), strain 30-9-10 are planted opposite on a plate of Czapek’s solution agar. Note heavy growth 
and spore production in frontier zone; no. 30-9-10 apparently produces thiamin for mutant C, whereas the latter re- 
duces nitrate to ammonia which is utilized by strain 30-9-1 Strain 30-8-1 characterized by an unknown nutrient 
deficiency: /) t , colony growing upon Czapek’s solution agar, thin, spreading and producing few and diminutive coni- 
dia! heads (insert, X 10) ; /)«,, normal, heavy sporing colony upon malt extract agar producing typical conidial heads 
(insert, X 10). ' ■ . 


null, usually irregular In form, sometimes 1-12 {ex, 2650 A) as illustrated may be considered 
r columnar. Vesicles are normal in pattern and representative. It is comparatively stable in culture, 
dons, but sterigmata are coarse and commonly Yields of acid are low. 

show a normal separation into primary and Type V. White to yellow floccose,— This was the 
ary series (fig. 1, I);*). Mutants of this gen- ’ most abundant and most variable type encountered, 
pc were isolated repeatedly. Strain 32A-S- No specific characteristics can he cited, since inter- 
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gradations obliterate any arbitrary limits that might 
be set up among different isolates. Generally speak- 
ing, however, colonies are fioecose, often but not con- 
sistently restricted, white to yellow in color, light 
sporing, and grow about as well upon Czapek’s solu- 
tion as upon malt extract agar. Strain 80-9-5 (e.r 
2967 A), illustrated in figure 1, Ej to Eg, may be 
considered representative. As a rule, heads are not 
only limited in number but are commonly atypical in 
pattern; conidiphores may fail to develop vesicles, or 
vesicles, when formed, may fail to produce sterig- 
mata and eonidia (fig. 1, E 2 ), With few exceptions 
these forms are poor acid producers. Isolates show- 
ing different colony patterns, but falling within this 
general type, include those illustrated in figure 2 C, 
D, and E. 

Type FI. Maroon exudate . — Colonies upon Cza- 
pek’s solution agar are very restricted, orange-red 
to brown in color, and often produce an excessive 
amount of deep brown to maroon exudate (fig. 2, 
Aj ). Conidial heads are produced sparingly and are 
small and somewhat atypical. Upon malt extract 
agar colonies duplicate the parent strain (fig. 2, 
A 2 ) . The contrasting behavior upon these two media 
strongly suggests some nutritional deficiency as the 
basis of this mutation (see types IX and X). The 
type is reasonably stable in culture. 

Type VII . Dark floe cose. — To a degree this mu- 
tant represents the opposite of type VI. Colonies 
upon Czapek’s solution agar are very rapidly grow- 
ing (fig, 2, Bj ), fioceose, comparatively heavy spor- 
ing in marginal area after ten to fourteen days, and 
are characterized by the production of a rich brown 
to maroon coloration in the colony reverse. Conidial 
heads are of normal pattern and dimensions. Colo- 
nies upon malt extract agar, on the other hand, are 
restricted (fig. 2, B 2 ), with heads few in number and 
atypical in pattern. The mutant is stable in culture. 
It was isolated among mutants resulting from ex- 
posure to each of the three wave lengths. Strain 
83-8-1 (ex. 2280 A) shown in figure 2, B x and B 2 
is representative. Acid production is fair. 

Type VIII . Leathery , — Colonies upon Czapek’s 
solution agar are restricted, very close-textured, 
vary in color from buff to pale yellow-green, are 
strongly buckled and wrinkled, and produce few and 
atypical conidial structures. Colonies upon malt 
agar grow more rapidly, are plane, and compara- 
tively thin, and bear few and atypical heads. Stable 
in culture. Strain 30-9-1 (ex. 2280 A), illustrated 
in figure 2, Fj and F 2 , is representative. Acid pro- 
duction varies with different strains. 

Type IX, , Thiamin deficient.— This mutant, com- 
monly referred to as “mutant C” at the Northern 
Regional Research. Laboratory, is represented by a 
single isolate (ex. 2967 A). The type is very dis- 
tinctive: upon Czapek’s solution agar colonies are 
thin, spreading, consisting almost exclusively of 
coarse, heavy-walled, submerged hyphae. A few 
atypical heads may be produced in the central area 
of the colony (fig. 3, Bj ). On malt extract agar 
colonies duplicate the parent strain (fig. 3, B 2 ). 


Dr. Lockwood 1 has shown that the peculiar growth 
of the mutant upon Czapek’s solution agar results 
from a loss of the capacity to produce thiamin. When 
an adequate supply of this vitamin is incorporated 
into Czapek’s solution agar, the mutant grows nor- 
mally. The mutant is stable in culture anti reinocu- 
lation of Czapek’s medium from eonidia produced 
in normal appearing cultures on malt agar repro- 
duces the mutant characteristics. In the presence of 
adequate thiamin, yields of acid approximate those 
of the parent strain. 

Type X. Nitrate. — Upon Czapek’s solution agar, 
colonies are thin, rapidly spreading, consisting of 
a sparse, submerged vegetative mycelium giving 
rise to scattered but wholly typical conidial heads 
(fig. 3, Ax, A^, and A4). Colonies upon malt extract 
agar duplicate the parent strain in all essential 
characteristics (fig. 3, A 2 ). The mutant character 
of this type results from an inability of the mold to 
utilize nitrate nitrogen. Upon any substratum con- 
taining ammonia or amino nitrogen, the mutant ap- 
pears normal (fig. 8, A 2 ). Mutants of this type were 
isolated repeatedly, and were obtained from spore 
subjected to each of the three wave lengths em- 
ployed. They are completely stable in culture. 
Strain 32F-SS-1-1 (ex. 2650 A), illustrated in fig- 
ure 3, Aj to A4, is representative. Acid production 
is variable : in some isolates approximating the par- 
ent, in others very poor. 

Type XI. — This represents another deficiency 
mutant, but the deficiency in this ease has not been 
identified. Colonies upon Czapek’s solution agar are 
very thin with mycelium largely submerged. Unlike 
the preceding type, conidial heads produced on 
Czapek’s agar are atypical in form and dimensions 
(fig. 3, I>x). Colonies upon malt extract agar are 
typical of the parent strain (fig. 3, D 2 ). The type is 
completely stable. Acid production is negligible. 

High acid yielding mutants. — In considering 
the different types of cultural mutants, notations 
have been made regarding their production of ita- 
conie acid. It should be pointed out, however, that 
in the survey of cultures resulting from irradiated 
spores, Lockwood, Raper, Moyer, and Coghill 
(1945) found only 14 strains to produce acid in 
higher yields than the parent. These appear entire- 
ly normal in culture with two exceptions, which 
warrant special attention. On Czapek’s solution 
agar strain 32 D -6-3-3 (fig. 4, B j ) is characterized 
by close-textured, light tan colonies bearing com- 
paratively few r conidial heads that are somewhat 
reduced in size. On malt extract agar growth is 
more restricted and spor illation is even further re- 
duced (fig. 4, B 2 ). This strain is of special interest 
since it produces itaconic acid of high purity ( Lock- 
wood, et al., 1945; Moyer and Coghill, 1915), In 
the case of most high-yielding strains, an appre- 
ciable proportion of the acid produced represents 
acids other than itaconic, and at times these may 
account for as much as 20 per cent of the acid pres- 
ent. In this strain, while total yields have not been 

4 Unpublished data. 
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higher than those with the parent, itaeonic acid lias 
consistently represented almost ICO per cent of the 
total acidity. 

The second exceptional strain, 32D-SS-4-1, is 
more nearly normal in character but differs from 
typical strains in producing colonies which spread 
more rapidly and grow more luxuriantly than the 
parent upon Czapek’s solution agar (fig. 1 , C-j ). 
When grown upon Czapek’s agar with NH 4 NO 3 , 
it is essentially like the parent (fig. 4, C*j). This 
strain produces up to 20 per cent more acid than 
the parent culture, with the relative proportion of 
itaeonic to other acids remaining approximately the 
same. The comparative growth of these two mu- 
tants, of the parent strain, and of the “nitrate” mu- 
tant (type X), upon standard Czapek’s solution 
agar, Czapek’s solution agar with NH 4 NO 3 , and 
malt extract agar is shown in figure 4. 

Influence of the culture medium. — The great 
majority of strains, including normal appearing 
and cultural mutants alike, grew in approximately 
the same manner upon the standard Czapek’s solu- 
tion agar containing NaNO : > and upon the medium 
in which NH 4 NO 3 was substituted as a nitrogen 
source. Mutants of type X were exceptions. In gen- 
eral, the substitution of dextrose for sucrose had 
little effect, although in certain instances spolia- 
tion was somewhat greater upon the dextrose-con- 
taining medium. Substitution of urea for NaNO# 
yielded a medium upon which many forms produced 
more floccose colonies while others sporulated more 
abundantly. Type X grew normally upon this me- 
dium, Addition of 1 per cent corn steeping liquor, 
in general, tended to favor increased growth and 
sporulation, but altered the basic pattern of the 
colony only in types IX, X, and XI. Upon potato 
dextrose and malt extract agars strains generally 
appeared much alike, but with somewhat heavier 
growth and spore production on the latter. In a 
limited number of cases, e.g., type VII and certain 
strains belonging to type V, growth was substan- 
tially better upon Czapek’s solution than upon malt 
extract agar. As a rule, however, more luxuriant 
growth and greater sporulation were obtained upon 
malt extract agar than upon any other medium 
employed. This response can be attributed to the 
presence of adequate sugars, nitrogen in the form 
of amino compounds, and necessary vitamins and 
growth factors. 

By comparing the growth of the same cultures 
upon a synthetic medium such as Czapek’s solution 
agar on the one hand and malt extract agar on the 
other, the investigator is at once struck by the effect 
of the substrate upon the types and numbers of 
mutants encountered. If, in the present study, the 
irradiated spores had been plated upon malt agar 
originally, and if subcultures in tubes had been 
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made upon this medium, at least fire of the eleven 

mutant types recorded would not have become, ap- 
parent. On the other hand, if malt extract agar had 
been used throughout this work, certain other types 
might have appeared which may have failed to 
grow upon Czapek’s solution agar. 

Stability of mutants. — Each of the isolates 
included in this comparative study was cultivated 
through ten successive culture generations upon 
Czapek’s solution agar to determine whether or not 
mutations would prove stable. To make this test 
as conclusive as possible, the cultures were retrans- 
ferred at intervals of from four to five weeks, thus 
allowing adequate time for light-sporulating strains 
to produce as many conidia as possible. New cul- 
tures were seeded from sporulating areas, never 
from hyphal tips or other purely vegetative struc- 
tures. Incubation was at 30° C. In the great ma- 
jority of cases the cultural picture produced by any 
given strain remained constant for each of the ten 
series. In some cases, however, cultures which at 
first appeared to represent mutations subsequently 
developed colonies wholly normal in appearance. 
In a few strains, there was a shift from mutant to 
apparently normal and back to mutant. In a very 
limited number of eases colonies resulting from 
irradiated spores which appeared normal at first 
subsequently appeared as cultural mutations. Vari- 
ations of all types, however, were limited to a com- 
paratively small number of strains, and by check- 
ing through the records of the different recultiva- 
tions it was found that one strain shifted in appear- 
ance five times, four others changed four times, 
while still others shifted three times. It is of special 
interest that these “repeating” variations accounted 
for almost all of the isolates which shifted in ap- 
pearance from one generation to another. It would 
thus appear that we can group the cultures result- 
ing from irradiated spores along the following 
lines: ( 1 ) Mutants in which characters remain com- 
pletely stable. This group, which would embrace 
more than 80 per cent of all isolates studied, would 
include certain physiological mutations as reflected 
in acid production, as well as cultural mutations of 
all but two or three of the eleven types cited above. 
( 2 ) Mutants in which characters are unstable and 
may fluctuate within certain limits during periods 
of recultivation. This group is composed almost ex- 
clusively of isolates belonging to type V (which 
■ see). . . . 

Discussion.— Working with species of Neu ra- 
ft pora, Beadle and associates (Beadle and Tatum, 
1941; Bonner, Tatum, and Beadle, 1943; Tatum 
and Beadle, 1942 and 1943) have succeeded in pro- 
ducing by X-ray treatment a whole series of defi- 
ciency mutations. Due to the destruction of specific 
genes, the ability to synthesize certain vitamins 


acterizcd by the production of itaeonic acid of high purity, upon the same media in like sequence. strain 32D- 

SS-4-1, mutant characterized by rapidly spreading colonies and high acid yields; media as in the preceding. /q~/L 5 , 
strain 30-9-10 (type X), mutation characterized hv an inability to utilize nitrate nitrogen; media as in the above. Note 
particularly the luxuriant growth of the latter upon Czapek’s solution agar containing ammonium nitrate and how 
closely this colony duplicates that of the parent strain upon the same medium 
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including thiamin, nicotinic acid, pantothenic- acid, 
para-aminobenzoic acid, and pyridoxin was lost 
from certain strains. In other strains the ability to 
produce amino acids including methionine, lysine, 
arginine, leucine, isoleucine, tryptophane, and valine 
was similarly lost. When these necessary vitamins 
and amino acids were supplied, the mutant strains 
grew in an entirely normal manner. 

In Aspergillus ter reus we are probably dealing 
with the same type of phenomenon. In type IX, Dr. 
Lockwood has demonstrated that the mutant char- 
acter which is so striking on Czapek’s solution agar 
(fig. 3, Bj ) reflects an inability of this strain to 
produce 'thiamin. Continued tests should further 
define this deficiency and establish whether it rep- 
resents a thiamin deficiency per se, or an inability 
to produce thiazole or pyrimidine, or an inability 
to combine these two components of the thiamin 
molecule if separately supplied. In the case under 
consideration, the mutation may be assumed to re- 
sult from a genetic change, and it becomes obvious 
as a particular nutritional and cultural response in 
the absence of adequate thiamin in the Czapek’s 
solution agar. To the mycologist examining this 
culture, without knowledge of its underlying cause, 
it would appear as a mutant, variant, or saltant, 
depending upon the terminology selected, and 
would be so described. Not only is the cultural 
aspect of the mutant very bizarre, but individual 
fruiting structures, when produced, are atypical. 
In the presence of added thiamin, or upon natural 
substrata containing such, the culture grows and 
fruits in an entirely normal manner. 

In type X it would seem probable that some gene, 
or gene combination, regulating nitrogen metabo- 
lism is involved. The parent strain grows luxuri- 
antly upon media containing nitrate as a nitrogen 
source. The mutant, on the other hand, grows in a 
very atypical manner upon media containing sodi- 
um nitrate, potassium nitrate, or calcium nitrate as 
the sole nitrogen source but still produces normal 
fruiting structures. If nitrogen is supplied in the 
form of ammonium nitrogen, vegetative growth, as 
well as fruiting structures, is entirely typical. Thus 
the effect here is less far-reaching than that with 
the thiamin deficient type IX. Outwardly, only the 
rate and pattern of vegetative growth are changed. 
At the same time other changes more strikingly 
physiological in nature must occur independently 
of the nitrogen response, since among a number of 
apparently similar mutants some strains produced 
yields of itaconic acid approximately equal to the 
parent, while in other culturally similar strains the 
production of itaconic acid was quite low. 

When strains mutant C (unable to produce thia- 
min) and 30-9-10 (unable to utilize nitrate nitro- 
gen) are planted on opposite sides of a culture plate 
containing Czapek’s solution agar, as shown in fig- 
ure 3C, luxuriant growth is obtained in the frontier 
area when the mycelia of the two forms come into 
contact. Mutant C apparently reduces nitrate sup- 
plying ammonia ion for 30-9-10, the latter strain in 
turn produces thiamin necessary for optimum 


growth and spore production by mutant C. Limited 
tests (still in progress) involving recultivation from 
selected conidial heads indicate that the two strains 
retain their distinctive characteristics in the com- 
mon zone of greatly increased growth, but the pos- 
sibility that heterokaryosis may occur has not been 
eliminated. 

The abnormal growth and development of types 
VI and XI upon Czapek’s solution agar and the 
normal behavior of these same types upon malt ex- 
tract and other natural substrata indicate that these 
mutations also probably result from some type of 
nutritional deficiency. In neither case has the defi- 
ciency been identified. In a limited number of cases 
(for example, type VII) better growth was ob- 
tained upon Czapek’s solution than upon malt ex- 
tract agar (fig. 2, B). An explanation of this be- 
havior is not obvious, since the latter medium un- 
doubtedly represents the more complete nutrient of 
the two. The possibility of an altered metabolism, 
resulting in the production of an excess of staling 
products, or other substances inimical to growth 
and development of the fungus, should not be over- 
looked. 

In addition to the mutations which appeared as 
definitely altered colonies upon one or more media, 
other types appeared which were more strictly mor- 
phological in character. Types I and II represent 
examples. In each case, growth was equally good 
upon Czapek’s solution and malt extract agars, and 
in each case itaconic acid production remained at 
approximately the level of the parent strain. The 
only evident changes were (1) a complete loss of 
color in the conidial heads of type I, and (2) a sub- 
stantial loss of color in the conidial heads of type II. 

In types III and IV mutant characters were like- 
wise constant irrespective of the substratum upon 
which the cultures were grown (see fig. 1, C and 
D), although they were more pronounced upon 
Czapek’s solution agar and comparable synthetic 
media than upon malt extract agar and other natu- 
ral substrata. Yields of acid were very low, indi- 
cating the presence of basic physiological changes 
as well as the more obvious morphological ones 
upon which the types were characterized. 

Types V and VIII likewise represent basic mor- 
phological changes which are apparent upon all 
media tested. Variations in response upon the dif- 
ferent media occurred, however, and maximum 
growth appeared in some cases upon Czapek’s solu- 
tion agar, and in other cases upon malt extract agar. 
Acid yields varied greatly among different strains, 
but in general they were quite low. It is apparent, 
therefore, that pronounced physiological changes 
accompanied morphological changes in these types 
also. 

Mutations of varied types and degrees are rep- 
resented among the isolates considered in the pres- 
ent paper. Some of these appear to represent com- 
paratively simple mutations in which the capacity 
to produce some single essential substance, for ex- 
ample, thiamin in type IX, has been lost or in which 
the capacity to utilize some particular nutrient, 
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such as nitrate in type X, has been altered. In other 
eases physiological changes, as evidenced by an 
increased or decreased production of itaconic acid, 
have occurred which are not accompanied by any 
apparent cultural or morphological change. But in 
most cases physiological and morphological changes 
go hand in hand. In fact, it has become increasingly 
evident that the majority of isolates appearing as 
cultural or morphological mutations have their real 
bases in physiological changes, or altered biochemi- 
cal reactions, as postulated by Tatum and Beadle 
(1943). To mycologists, and particularly those 
working in taxonomy, this relationship poses a real 
problem. If induced mutations, which appear cul- 
turally distinct, generally result from altered bio- 
chemical reactions, how then are we to interpret 
culturally different forms as they are isolated from 
nature? Certainly, newly isolated forms should not 
be described as new species or varieties until they 
have been carefully compared with known and sta- 
ble species and varieties upon different substrata. 
On the other hand, one would not seem justified in 
designating such distinctive forms from nature as 
mutations when their parentage cannot he positive- 
ly established. 

Strains of Aspergillus ferreus that are newly iso- 
lated from natural sources show appreciable varia- 
tion when large numbers of isolates are compared. 
Differences occur in the general character and 
coloration of colonies, in the amount of sporulation, 
and to some degree in the form and pattern of 
conidial heads. Such variation, however, is not so 
great as that encountered among the mutations pro- 
duced by ultraviolet radiation from the single strain 
NEEL 265. Whereas variant types in the two eases 
bear some resemblance, they can in no sense be 
said to duplicate one another. Strains characterized 
by yellow-floccose colonies, which were most abun- 
dant among the ultraviolet-induced mutations, are 
very rarely isolated from nature, and strains with 
white heads have not been reported for this species. 
Yuill (1939), however, has isolated naturally oc- 
curring mutants of Aspergillus nidulans and Asper- 
gillus fumigatus characterized by white and very 
pale buff heads, respectively, and it appears reason- 
able that such types should exist for A. terreus . 

Increased production of itaconic acid by strains 
resulting from irradiated spores was limited to a 
comparatively small percentage of the strains tested 
(p. 171), and in no case was the increased yield 
spectacular. Repeated tests, however, demonstrated 
some increase from a limited number of isolates, in 
some eases amounting to approximately 20 per cent. 
Other mutations which may conceivably prove. im- 
portant are those yielding itaconic acid of high 
purity, even though total yields may not exceed 
those of the parent. Based upon the present studies 
and the work of Lockwood, Raper, Moyer, and 
Coghill ( 1915 ) and Moyer and Coghili (1945), the 
production of ultraviolet-induced mutations appears 
to offer definite, if somewhat limited, possibilities 
of increasing yields of itaconic acid from A* terreus * 
In terms of prevailing analyses of induced muta- 


tions, it is realized that only a comparatively small 
number of strains have been surveyed. The cultural 
operations and involved chemical analyses incident 
to the proper conduct of such a survey, however, 
have precluded the testing of a larger number of 
isolates. 

During the period that the isolates from irradi- 
ated spores were being tested, isolations of A. ter- 
reus were made from soils and other natural sources. 
More than 300 such isolates have now been tested 
and among them a limited number of strains have 
been found which produce substantially higher 
yields of itaconic acid than any of the mutants re- 
sulting from irradiated conidia of NR El, 265. Hav- 
ing shown that yields in a given strain (NRRL 
265) can he increased, it is now our hope similarly 
to subject conidia of one or more of the more re- 
cently isolated and better-producing strains to 
ultraviolet radiation. 

SUMMARY 

Conidia of a selected strain of Aspergillus terreus 
were exposed to ultraviolet radiation, and random 
isolations were made from colonies resulting from 
irradiated cells. Approximately two hundred of 
these were cultivated upon a variety of agar media 
to determine the effect of the substratum upon 
growth and attendant cultural characteristics. The 
majority of isolates from irradiated spores, normal 
appearing and cultural mutants alike, remained 
stable when recultivated through ten successive cul- 
ture generations upon Czapek’s solution agar. 
Eleven types of mutations were recognized. One of 
these resulted from an inability of the mutant to 
produce thiamin. Another was unable to utilize 
nitrate nitrogen hut developed normally if supplied 
with ammonia or amino nitrogen. In other cases 
mutations were more strictly morphological and 
consisted of a total or partial loss of color from the 
conidial heads without apparent alteration in physi- 
ology. In still other and more numerous cases, both 
morphological and physiological changes were ob- 
served. Cultural and morphological differences com- 
monly reflected basic physiological or biochemical 
changes. Of more than 200 isolates resulting from 
irradiated spores tested for the production of ita- 
conic acid, only 14 produced yields greater than the 
parent strain. Among this number only two ap- 
peared as cultural mutants, and only one of these 
was markedly different from the parent strain. The 
production of ultraviolet-induced mutations appears 
to offer definite, if somewhat limited, possibilities 
of increasing yields of itaconic acid from Aspergil- 
lus terreus . 
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STUDIES ON COLCHICINE-INDUCED AUTOTETRAPLOID BARLEY. 
III. PHYSIOLOGICAL STUDIES 1 

Shao-Lin Chen and P. S. Tang 


f: 


The morphological and cvtological cliaracteris- The R.Q. values for both kinds of seeds, however, 
ties of some colchicine-induced autotetraploid bar- changed with temperature, agreeing w T ith a previous 
ley plants have been given in the previous paper of observation to this effect in Lupinus alhus (Tang, 
this series. The present account reports some phys- 1932). The values of the temperature quotients for 
iological characteristics of these tetraploid plants. 0» -consumption were different in the two cases. 
Respiration. — Oxygen consumption and carbon being 3.4 for the 2n seeds and 2.8 for the 4n seeds, 
dioxide production by the germinating seeds of 2n That the lower rate of respiration in the 4n seeds 
and 4n barley were measured by means of the mi- is an inherent characteristic of the cells, and not 
crorespirometers of Warburg as used by one of us due to the fact that they may contain less living 
in previous measurements of respiration in ger- matter in proportion to the reserve materials is 
minating seeds (Tang, 1931). Seven dehulled seeds shown by the following experiment. The embryo 
which had been germinating at 24 °C. for 36 hours and endosperm were separated from each other in 
were placed in the main portion of the respirometer one hundred 2n and one hundred In seeds. The two 
vessel. The inset contained 0.2 ml. 10 per cent portions were dried and weighed separately. No 

NaOH when oxygen consumption was to be rneas- difference was found in the ratio of weight of em- 

ured, and water when carbon dioxide production bryo to weight of endosperm in the two types of 
was to be measured. Two respirometers were run seeds. 

at a time beside the thermobarometer, one for the Transpiration. — The rates of transpiration of 

2n seeds and the other for the 4n seeds. The ex- 55-day-old 2n and 4n barley plants were measured^ 
periments were performed at 18°, 24° and 28 °C. by means of simple potometers. # 

At the end of the experiments the seeds were Seven 2n and an equal number of 4n plants, all 
ground and dried to constant weight and their ni- at the 4-leaf stage, were used, each placed in a 

trogen contents were estimated by micro-Kjeldahl. separate potometer. The experiment lasted from 

Table 1 gives the rates of O 2 -consumption and noon to 10 P.M., at the end of which the leaf area 
CO 2 -production of the germinating seeds of the 2n and dry weight of the seedlings were ascertained, 
and 4n barley plants used. It is seen from tills The average amount of water transpired by the 
table that both the rates of 0 2 -consumption and seV en 2n seedlings during the 10 hours of exposure 
C0 2 -production of the 4n seeds were lower than was 0 .38 ml. per square centimeter of leaf area, 
those of the 2n seeds, whether expressed in terms That for the seven 4n see dlings was 0.26 ml. per 
of dry-weight or of nitrogen content. Taken as a square centimeter. This difference becomes more 
whole, the respiratory quotients of the In seeds apparent when the rate is expressed in terms of ml. 
were found to be lower than those of the 2n seeds. transpired per unit dry-weight. In that case, the 

1 Received for publication September 14, 1944. respective values become 78.3 ml. per gm. and 38.8 

Manuscript received through the Department of State, , 

Washington, D. C., and published under a special ruling ml. per gm. 

of the Editorial Board. Osmotic concentration and suction pressure. 

Table 1. O ^-consumption and CO^-p reduction of germinating barley seeds at different temperature (seven seeds used 

in each experiment). 


Temp. 




cmm. 0 2 

cmm. C> 2 

cmm. C0 2 

cmm. CO 2 

Q 10 

°C. 

Qo 2 Quo 2 

R.Q. 

mg. N 

g, dry wt. 

mg. N 

g. dry wt. 

for 0 2 





Diploid barley 




18 ° 

58 

47 

.81 

18.8 

378.1 

15.2 

306.6 

' 

24° 

105 

96 

.91 

33.9 

687.8 

30.8 

621.2 

3.4 

28° 

199 

184 

.92 

64.5 

1294.7 

59.4 

1195.9 „ 



Dry weight = 

= 0.154 

gm. (for 7 s 

eeds). 






Total nitroge 

n = 3.1 

mg, (for 7 s 

eeds). 









Autotetraploid barley 




18 ® 

105 

81 

.76 

17.3 

S65.4 

13.3 

281.1 


24 ® 

189 

157 

.83 

' ■ ms ■ 

655.7 

§5,8 

545,5 

2.8 


301 

274 

M 

49.5 

1044.0 

45,1 

951,6 ' 

; . , 


Dry weight 

= 0.288 

gm. (for 7 seeds). 






Total nitroge 

n = <>.07 mg. (for 7 

seeds). .. 
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—The method used in tiie estimation of osmotic 
concentration and suction pressure of the cells of 
the 2n and 4n barley plants was that of Ursprung 
as modified by Molz ( Barton- Wright, 1937). Strips 
of young leaves were removed from the plants and 
were measured under the microscope, first in paraf- 
fin oil, and then in various concentrations of sucrose 
solution. The change in length of the strips in these 
solutions was plotted against the concentration of 
sucrose solution, as shown in figure 1 . At the sucrose 
concentration where the curves cut the zero axis, 
there was no change in the lengths of the strips, 
and those points of interception represent the suc- 
tion pressures of the cells in the leaves of the 2n 
and ki plants. 

In figure 1, these values correspond to 0.75 M 
sucrose solution for the 2n plants, and 0.875 M 



Sucrose Concentration 


Fig. 1. Determination of osmotic concentration and 
suction pressure in autotetraploid and diploid barley. 
Open circle for 4n barley, closed circle for 2n. A length 
refers to change in length of the strips in arbitrary units 
as read from ocular micrometer. 


sucrose solution for the 4n plants. At the point of 
the curves in figure 1 where the lengths of the 
strips failed to undergo further reduction with in- 
crease in sucrose concentration, and where plasmol- 
ysis just began, the concentration of the external 
sucrose solution was equivalent to the maximum 
osmotic value of the cell sap. This concentration 
was found to be 0.9 M for the 2n plants and 1.1 M 
for the 4n plants. 

Imbibition. — Imbibition of water by the seeds 
of 2n and In plants was studied simply by placing 
the seeds on moist filter paper in petri dishes and 
weighing them at 3-hour intervals. The increase in 
weight, expressed on the basis of initial dry-weight 
of the seeds, gave the amount of water imbibed. 
Twenty dehulled seeds each, from the 2n and 4 n 
lots, were used in these experiments, and the re- 
sults are given in table 2. Up to the thirtieth hour, 
at the time when the seeds were to germinate, the 
4n seeds took up 0.77 grn. of water per gm. initial 
dry-weight while the 2n seeds took up only 0.6 gm., 
indicating a higher imbibition 1 capacity in the 4n 
seeds. 

Chemical composition. — The following analyses 
were made on the 2n and 4n barley seeds. Protein 
content was estimated with micro-Kjeldahl, lipoid 
substances with ether extraction in Soxhlet, ash by 
ignition, and other nitrogen-free compounds, pre- 
sumably carbohydrates, by difference. The results 
of the analyses are given in table 3. 

It is seen from this table that the 2n seeds con- 
tained a little more water and carbohydrates, while 
the 4n seeds contained more protein nitrogen, lipoid 
substance and ash. 

The results of the experiments indicate that cer- 
tain distinct differences exist between normal di- 
ploid barley plants and those autotetraploid plants 
induced by colchicine. One of these concerns the 
rate of metabolism, the rate of respiration in the 
tetraploids being lower, and this was shown to be 
an inherent characteristic of the tetraploid cells, 


Table 2. Imbibition of water by barley seeds. 


Time 
(in hrs.) 

Wt. of 4n 
seeds 
(in gm.) 

Gram of 
water 
imbibed 

Wt. of 2n 
seeds 
(in gm.) 

Gram of 
water 
imbibed 

gm. H 2 0 imbibed 
by 4n seeds 
gm. initial dry 
weight 

gm. H 2 0 imbibed 
by 2n seeds 
gm. initial dry 
weight 

0 

.869 


.809 




3 

1.104 

.235 

.950 

.141 

.27 

.17 

6 

1.220 

.351 

1.039 

.230 

.40 

.28 

9 

1.283 

.414 

1.083 

.274 

.48 

.34 

n 

1.330 

,461 

1.127 

.318 

.53 

.39 

15 

1.37 6 

,507 

1.159 

.350 

.58 

.43 

18 







21 

1.433 

.564 

1.206 

.397 

.6*5 

.49 

24 

1.459 

.590 

1.231 

.422 

.68 

.52 

27 

1.483 

.614 

1.254 

.455 

.71 

.55 

30 

1 ,541* 

.673 

1.298* 

.489 

.77 

.60 

33 

1.567 

.698 

1318 

.509 

.80 

.63 


Already germinated. 
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Table 3. Chemical composition of Stn and Jfn barley seeds. 



2n barley 

4n barley 

Water content 11 

. . . 5.7% 

5.3% 

Protein 

. . . 12.7% 

14.7% 

Ether extract 

. . . 2.2% 

2.6% 

Ash 

. . . 1.6% 

2.5% 

Other N-free compounds. . . . 

. . . 83.5% 

80.2% 


a Water content is calculated on air-dried weight basis 
while other determinations are on oven-dried weight 

bases. 

and not merely a result of the relative proportion 
of living and reserve matter in the seeds. This 
lowered rate of metabolism may bear a relationship 
to the slower rate of growth and development in 
the tetraploids. It cannot be said as yet, however, 
whether the former is the cause of the latter, or 
vice versa. 

The transpiration rate in the 2n plants was high- 
er than that of the 4n plants by 50 per cent, when 
expressed in terms of leaf-area, and 100 per cent 
when expressed in terms of dry-weight. This indi- 
cates a higher water economy, or transpiration 
efficiency in the 4n plants. This, coupled with the 
higher osmotic pressure and suction pressure in the 
cells of the tetraploids may account for the fact 
that during the course of these experiments, the 
tetraploids were found to he able to withstand dry- 
ing better than the normal diploids. In general, 
polyploids are known to be more hardy and more 
adaptable to adverse environmental conditions than 
diploids ( Muntz ing, 1936; Stebbins, 1940). 

The nitrogen and ether-extractable matter, as 
well as ash, in our tetraploid barley were found to 


be higher than those in the seeds of the normal 
diploid plants. This is in accord with many ob- 
servations where changes in chemical composition 
of the plants occur as a result of chromosome mul- 
tiplication. Among these may be mentioned the 
increase in vitamin C content (Sansome and Zilva, 
1933) and protein nitrogen (Kostoff and Axamit- 
naja, 1935) in tetraploid tomato; the increase in 
nicotine content in tetraploid tobacco (Noguti et aL, 
1940), and increase in sugar content in triploid sugar 
beet (Peto and Boyes, 1940). 

SUMMARY 

The rates of oxygen consumption and of carbon 
dioxide production by germinating 4n barley seeds 
were found to be lower than those of the normal 
diploids. Tetraploid barley seedlings transpired at 
a lower rate than the diploids whether expressed on 
a leaf-area or on a dry-weight basis. Tetraploid 
barley cells possessed a suction pressure corre- 
sponding to 0.875 M sucrose solution, and a maxi- 
mum osmotic pressure of 1.1 M sucrose solution, 
w r hile the corresponding figures for the diploids 
were 0.75 M and 0.9 M respectively. Placed on 
moist filter paper, the seeds of 4n barley imbibed 
more water per unit dry-weight than did those of 
the diploids. The seeds of the 4n barley plants con- 
tained more protein nitrogen, lipoid substance and 
ash than those of the diploids. On the other hand, 
the latter contained more N-free matter, presum- 
ably carbohydrates, than the former. 

P h ysiological Labor awry, 

Thing Hua University, 

Kunming, China 
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STUDIES ON COLCHICINE-INDUCED AUTOTETR AP LOID BARLEY. 
IV. ENZYME ACTIVITIES 1 

Shao-Lin Chen and P. S. Tang 



lx the previous papers of this series (Chen, 
Shen, and Tang, 1945; Chen and Tang, 1945) cer- 
tain morphological and physiological characteris- 
tics of the 2n and 4n barley plants and seeds were 
compared. This account deals with the enzyme 
activities of the* seeds and seedlings of the 2n and 
4n barley. 

Catalase activity. — About 2 mg. of finely 
ground powder of barley seeds, after being dried 
in a desiccator, were transferred into the main por- 
tion of a Warburg microrespirometer vessel, to 
which 1 ml. of distilled water was added. Follow- 
ing this, 0,5 ml. of 3 per cent hydrogen peroxide 
was pipetted into the side-arm of the vessel. The 
vessels were placed in a thermostat at 20 °C. for 30 
minutes after which the tap was closed, the con- 
tents in the side-arm mixed with the powder in the 
main vessel, and readings were taken at 5 -minute 
intervals at 20 °C. until no further evolution of 0 2 
was observed. 

The difference between au tote trapl old and di- 
ploid barley was rather striking. The former 
yielded 58 cmrn. of 0 2 , while the latter evolved 
only 23 cmm, That is, the seed powder of auto- 
tetraploid barley showed about 2.5 times the cata- 
lase activity of the diploids. 

The time course of catalase reaction was found 
to resemble that for a first order chemical reac- 
tion, Le. 

dx 

— = k(a — x). 

dt 

In this case, however, the substrate concentrations 
a and x were not directly measured. If the assump- 
tion is made that the amount of 0 2 evolved is pro- 
portional to substrate concentration (see Tang, 
1941), then a corresponds to the total amount of 
oxygen evolved (A) during the course of the reac- 
tion; x corresponds to y, the amount of oxygen 
evolved at any time t, and the rate of the reaction, 
as given by Q, is a first order function of A — y: 
dx 

Q = f — = k' (a — x) = k" (A — y). (1) 

dt 

The data for the catalase activities of the 2n and 
4n barley seeds used in the experiment are plotted in 
figure I according to equation (1) and it is seen 
that for the most part the course of the decomposi- 
tion of H 2 ()2 followed the first order chemical re- 
action, except for the few points towards the end 
of the reaction which deviated from the straight 
line as demanded by the equation. From figure 1, 
the mean constants obtained for the two cases were : 

1 Received for publication September 14, 1944. 
Manuscript received through the Department of State, 
Washington, D. C., and published under a special ruling 
of the Editorial Board. 


k' ' = 3.23 X 10” 2 ^r the 2n, k' ' = 2.73 X 13~ 2 
for the 4n barley seeds. 

Malt diastase activity. — Barley seeds were al- 
lowed to germinate at room temperature and were 
air-dried when the radicles reached 2-3 cm. in 
length. Malt powder for experimentation was ob- 
tained by grinding these germinated seeds into fine 
powder. 

The diastatic value of malt extract was ascer- 
tained by the method of Lintner (Ross-Mackenzie, 
1927) ; 0.8 gm. of malt powder was mixed with one 
liter of distilled water and kept at room tempera- 
ture for 6 hours. Into a series of 10 test tubes were 
delivered 1, 2, 3, ... to 10 ml. of the filtered ex- 
tract, and to each of them 5 ml. of 2 per cent starch 
solution was added. Each tube was then made up 
to 15 ml. with distilled water. The tubes were well 
shaken and kept at 20 °C. for an hour, at the end 
of which 1 ml. of Fehling’s solution was added to 
each of them. The tubes were then placed in a boil- 
ing water bath for 20 minutes. The tube containing 
the quantity of enzyme which was just sufficient to 
reduce the added copper in that period, as shown 
by the complete disappearance of blue color, was 
used to calculate the standard value of the enzyme 
solution. 

In our experiment, the fifth tube in the 4n barley 
series, and the ninth tube in the 2n series produced 
just enough sugar to reduce completely 1 ml. of 
Fehling’s solution. If we assign the value of 100 to 
a solution containing 1 ml. of malt extract and pro- 
ducing in 1 hour enough sugar under the outlined 
conditions, then the diastatic power in our case may 
be calculated by the following formula: 

100 
D = , 

V 

where D = diastatic activity of the enzyme prepa- 
ration and V the minimum volume of malt ex- 
tract which produced enough sugar in one hour to 
reduce 1 ml. of Fehling’s solution. Thus the rela- 
tive diastatic activity of the 4n malt extract was 
20, and that of the 2n malt extract was 11. In other 
words, the diastatic activity of the sprouted 4n 
barley seeds used in this experiment was approxi- 
mately twice that of the diploids. 

Dehydrogenase activity.* — Various kinds of de- 
hydrogenase activity in the 2n and 4n barley seed- 
lings were studied with the methylene blue technic 
of Thunberg (1917) with the following modifica- 
tions (see Chen and Tang, 1941). Equal amounts 
of fresh leaves (about 1 gm.) of the two kinds of 
barley seedlings were ground and extracted with 
6.8 phosphate buffer. Three ml, of the buffer ex- 
tract was transferred into a small vial to which 0.5 
ml. of various kinds of substrates were added. 
After the addition of 0.2 ml. of a 0.05 per cent 
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methylene blue solution, the liquid surface in each 
vial was covered with a layer of liquid paraffin to 
obtain an anaerobic condition. Time required to re- 
duce completely the methylene blue to its leucoforra 
was recorded as a measure of dehydrogenase activ- 
ity. The results of the experiment are tabulated in 
table 1 . 


Table 1 . Bate of reduction (in minutes) of methylene 
blue by 2n and Jfn barley leaf extracts. 


Substrate 

4n barley 

2n barley 

Succinic acid (0.1 M) 

/-malic acid (0.1 M) 

Lactic add (0.1 M) 

Citric acid (0.1 M) 

Ca-glycerophosphate (0.05 M).. 
Ethyl alcohol (0.1 M) 

. . 170 

140 

Glycine (0.1 M ) 

. . 380 

170 

dl- alanine (0.1 M) 

140 

105 

Glutamic acid (0.1 M) 

. . 320 

105 

Cvsteine (0.1 M) 

230 

80 

Z- cystine (0.001) M) 

Control 

. . 320 

200 


From table 1 it may be concluded that in both 
the 2n and 4n barley seedlings the nature of the 
dehydrogenase was the same, since they were both 
without effect on succinic acid, /-malic acid, lactic 
acid, citric add, and Ca-glycerophosphate. They 
both effected the reduction of methylene blue in the 
presence of ethyl alcohol, glycine, dZ-alanine, glu- 
tamic acid, cysteine, and /-cystine. The rates at 
which these compounds were oxidized, however, 
differed between the 2n and 4n plants. In general, 
the 2n barley extract was more active than that of 
the In plants, and in the case of cysteine and glu- 
tamic acid, the ratio of the speed of reduction 
amounted to about 3:1. This difference in dehydro- 
genase activity between the two kinds of barley 
plants appears to agree with the results obtained 
in respiration experiments where the 2 n plants 
respired faster than the 4n plants (Chen and Tang, 
1945). 

SUMMARY 

The catalase activities of the 2n and 4n barley 
seeds followed a first order reaction curve, the con- 
stants of the reaction being k' ' = 3.23 X 10" 2 for 
2n seeds, and k' ' = 2.75 X 10" 2 for the 4n seeds. 
The rate of decomposition of HUO 2 by the 4n 
seeds was 2.5 times faster than that of the 2n seeds. 

The malt diastase activity of sprouted seeds of 
4n barley was about twice that of the 2n seeds as 
measured by the amount of extract necessary to 
reduce a given amount of Folding \s solution in a 
given time. 


Extracts from the leaves of 2n and 4n seedlings 
were both without effect on succinic acid, /-malic 
acid, lactic acid, citric acid, and Ca-glycerophos- 



Mn 25 « 65 85 105 

Time 


Fig. 1. Ixig concentration of H 2 0.2 as expressed in terms 
of amount of oxygen evolved plotted against time. Open 
circles for 4n and closed circles for 2n barley seeds. 

phate, but they all effected a reduction of methy- 
lene blue in the presence of ethyl alcohol, glycine, 
d/-alanine, glutamic acid, cysteine and /-cystine. 
The rate of reduction was in general faster in the 
presence of 2n extracts than 4n extracts. 

Physiological Labor atok y, 

Tsing Hua University, 

Kunming, China 
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GROWTH AND PHOSPHORUS ACCUMULATION IN COTTON FLOWERS AS 
AFFECTED BY MEIOSIS AND FERTILIZATION 1 

Orlin Riddulph and Donald H. Brown 

The object of this investigation was to *mark The plant was then transferred from the large tank 
an amount of phosphorus with a radioactive mark- to a 6 -liter enameled refrigerator pan containing a 
er , 2 place this in a nutrient solution and allow a similar aerated nutrient solution,, except that the 
given plant to absorb from it a definite amount of phosphorus in the solution was “marked” by the 
the phosphate. Two days were then allowed while addition of the radioactive isotope 15 P 32 . The plant 
the phosphate was thoroughly circularized through- remained in this solution for 48 hours, after which 
out the plant and delivered in characteristic quan- it was transferred to a similar pan of ordinary nu- 
tities to the many flowers and fruits on the plant, trient solution (no radiophosphorus) for 48 hours 
The phosphate which entered each flower or fruit more. (3) At the close of this period the flowers 
during such a two-day period could be distinguished and fruits were again measured as to length of 
by its radioactivity from that which was previously parts. From those flowers which were near micro- 
present, and furnished a detailed record of the cur- sporogenesis a few anthers were removed, fixed in 
rent trends of phosphorus intake by flowers or Farmer’s solution and later examined by the aceto- 
fruits in various stages of development. The cotton carmine smear technique to determine the stage of 
plant was chosen as experimental material because microsporogenesis. (4) After measurement each 
it produces numerous large flowers in a continuous flower or fruit was removed, weighed to the nearest 
series so that at a given time one plant may possess 5 milligrams, then dried and weighed to the nearest 
fifty to seventy buds or fruits representing all milligram, and finally ground and an aliquot 
stages of development. Specific attention has been weighed for analysis. The material was then ashed 
given to the relationship between the morphologi- at dull red heat and the amount of “marked” phos- 
cal events of microsporogenesis, megasporogenesis, phate taken up during the experimental period was 
and fertilization and the accumulation of dry determined with a Geiger-Muller counter (Dunning 
weight, water, and phosphorus. The records ob- and Skinner, 1935) and recording circuit (Evans 
tamed from five individual plants furnished the and Alder, 1939). Each flower on the fifth plant 
basis for this investigation. was analyzed for total phosphorus (radioactive and 

Much has been written about the water and min- non-radioactive together) by the procedure of 
eral balance within the plant as a whole during the Zinzadze (1935). 

inception of flowering and fruit formation (Loeh- The six liters of nutrient solution, after the radio- 
wing, 1942) but no complete history of the mineral phosphorus was added, contained 0.937 grams of 
uptake by the developing flowers as influenced by phosphorus, of which 1090 micro-curies were radio- 
the various morphological events associated with active. This is a ratio of 0.860 milligrams of phos- 
reproduetion seems to exist. Such a history is pre- phorus per micro-curie of radioactive phosphorus 
sented here for phosphorus and in so doing, a simi- on March 21 , 1942. The phosphorus was calculated 
lar study for dry weight increase, and consequently to PO 4 and designated as P* 0 4 to indicate that it 
water balance, was necessary. was “marked” with the radioactive isotope. 

Methods. — The plants were grown from seed In using radiophosphorus for experimental work, 
obtained from the Mississippi State Agricultural and in the concentrations herein employed, two 
College. The nutrient solution was an aerated assumptions seem justifiable, i.e., ( 1 ) that the per- 
Shive- Robbins solution (1937), contained in 160- centage difference in the atomic weights of the two 
liter tanks. Fluorescent lights supplemented the atoms, P 31 and P 32 is not great enough to cause 
rather dull days of the winter months. The tern- differences in the rate of absorption and transloca- 
perature was thermostatically controlled at 21 °C. tion of the phosphate which exceed the experimental 
(minimum). The maximum temperature during the error of the determinations; and ( 2 ) that the 
winter was only a few degrees above this, but it amount of ionization occurring within the proto- 
rose considerably on sunny days in the spring. plasm of the cells as a result of the emission of 

The plants reached the proper stage of flowering beta rays by the disintegrating phosphorus is not 

at the age of 5*4 months (by the latter part of enough to cause significant injury. The concentra- 
Mareh, 1942). At this time five were selected for tions herein employed are well below the threshold 
study* Each one, in succession, was carried through va ^ ue I°r injury as reported by Mullins (1939) 
tine following treatment: ( 1 ) All flowers and fruits Nitella,- 

were measured as to length of parts and as to posi- ^ ie P er i 0( l allotted for the absorption of the 
tion on the plant (distance from base of stem to radiophosphorus was fixed at 48 hours because this 
branch, and distance along branch to flower). ( 2 ) & ave tlie minimum amount of radioactive material 

1 Received for publication October 20, 1914. * hc Smal ! er h ™} S which was compatible with easy 

2 The radiophosphorus was very generously supplied by and accu ™ te determination when using the above 

Drs. E. O. and J. H. I^iwrence of the Radiation Labora- concentration. After the period of absorption, a 
tory, University of California. subsequent two-day period was allowed in ordinary 
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nutrient solution in order to permit a complete dis- 
tribution of the ‘‘marked” phosphate throughout 
the plant. Table 1 will show this distribution 
period is ample. 

Table 1 . A preliminary study of the distribution of P*0± 
in three different plants at various intervals after 


absorption. Expres 
in each plant , ■ 

sed as per 

cent of the total found 


Plant A 

Plant B 

Plant C 

Abs. period 

24 brs. 

48 hrs. 

48 hrs. 

Distr. period 

24 hrs. 

48 hrs. 

96 hrs. 

Leaves 

• 43% 

51% 

59% 

Bark 

. 15 

12 

6 

Wood 

. 17 

12 ' 

11 

Roots ............... 

, . 26 

26 

24 


It is evident that distribution is complete and 
that. the developing flowers would have ample op- 
portunity to receive “marked” phosphate via the 
phloem as well as via the xylem, but it is equally 
obvious that it is impossible to distinguish that 
which is delivered via the phloem from that which 
is delivered via the xylem. 

The age of the flower buds with respect to the 
probable date of meiosis in the micro- and raega- 
gametophytes, and of anthesis, had to be known 
with some certainty. Hence a seven-week study of 
forty individual buds was undertaken, beginning 
prior to the experimental period. The growth curves 
of these buds were plotted individually by taking 
measurements every one, two, or four days, depend- 
ing on the size of the buds. From twenty-five of 
these individual records a composite graph was 
made. Using this curve, with successive measure- 
ments of a given flower bud, it is possible to esti- 
mate, with a reasonable degree of accuracy, the 
number of days until anthesis. This was done for 
the buds of the experimental plants which w r ere 
harvested prior to blooming in order that all ages 
could be recorded with respect to full bloom as a 
reference point. 

Gore (1982) states that in Upland cotton ap- 
proximately three days elapse between the opening 
of the first flower on one fruiting branch and the 
first flower on the next fruiting branch above, and 
that approximately six days elapse between flower- 
ing dates for successive floral buds on the same 
fruiting branch. Our results are approximately 
three and one-half, and nine days respectively. 
Using our preliminary growth curves and our rela- 
tive flowering dates to assign ages we feel that, in 
general, our results are accurate to dr one day. 

The average occurrence of microsporogenesis was 
twenty-three days prior to anthesis. ..Meiosis in the 
megagametophyte occurred about twelve days prior 
to anthesis. This latter was determined by making 
gross examinations of the ovules in comparison with 
the descriptions of the process by Gore (1982). 
Fusion of nuclei at fertilization normally occurs 
within 82 hours after the opening of the flower 


(Gore, 1982). The corolla is dropped from the 

flower the day after anthesis. 

Results. — Three periods of rapid elongation ac- 
company floral development. They are : ( 1 ) elonga- 
tion of bracts beginning prior to microsporogenesis 
and following a typical S-shaped growth curve; 
(2) elongation of the flower bud proper, terminat- 
ing in the very rapid elongation of the corolla just 
prior to anthesis; and (8) elongation of the ovary, 
which also follows a typical growth curve with the 
most rapid period of elongation following fertiliza- 
tion. These curves are shown in figure 1. The stage 
of development of the flower buds at various ages 
is also shown in this figure. The numerals under 
each drawing indicate the number of days until 
that flower would be in full bloom. 

The dry weight data for the flowers or fruits at 
various ages are presented in figure 2. A study of 
this curve will show a slight departure from a 
smoothly ascending curve at the time of mega- 
sporogenesis. From the nature of the irregularity 
it is presumed that it is due to a diversion of the 
incoming carbohydrate to respiratory channels dur- 
ing this period. During the events of fertilization 
and immediately afterward a reduced rate of dry 
weight accumulation is also noted. This is also pre- 
sumed to be due to a diversion of materials into 
respiratory channels during the events of fertiliza- 
tion. This is followed, within a few days, by a very 
rapid gain in dry weight leading into the “grand 
period of growth” of the fruit, with a maximum 
increase occurring between the fifteenth and twen- 
ty-sixth days after anthesis. No striking demon- 
stration of an effect of microsporogenesis on weight 
increase was obtained. 

The daily increments of phosphate (represented 
as P*0 4 ) to flowers of various ages are shown in 
figure 8. The increments to the flowers are from 
that phosphate which was absorbed from the nu- 
trient solution 48 to 96 hours previously. 

A study of figure 3 will show certain interesting 
points in the history of phosphate accumulation by 
flowers at different ages. (I) The daily increment 
of phosphate in the developing flowers increases 
each day until anthesis. The smallest increase is 
perhaps for those days near the time of megasporo- 
genesis. The spread of individual datum points is 
wide, rendering exact interpretation difficult, but 
it appears as though a reduced rate of increase in 
the daily increment of P*0 4 occurs at this time. 
(2) A rapid rate of increase in the daily increment 
of phosphate accompanies the progressive expan- 
sion of the floral bud, terminating in a maximum 
at the time of anthesis. This is undoubtedly due to 
an increasing transpiration rate from the expand- 
ing corolla and exposed parts, which is responsible 
for an accelerated delivery of water-soluble phos- 
phate through the connecting xylem channels. (8) 
Immediately after anthesis the daily increment of 
phosphate falls to a lower level but increases sub- 
sequently. 

From the spread of the individual datum points 


Markad Phosphor 


AMERICAN JOURNAL OF BOTANY 


Morphological stages of flowers 
at indicated ages. 
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Length of floral parts 
at various ages. . *•+/{' * 


Bracts •••/•“ 'Flower 5 Buds **/•• Ovaries 





Days from Anthesis 


Days from Anthesis 


Days from Antheiis 


Days from Anthesis 


l~4.~~Fig. I. The morphological stages of the cotton flowers, and the length of the floral parts, at various 
ages. Fig. 2. The dry weights of the flowers or fruits from five individual cotton plants plotted against age.— 
Fig. 3. The daily increments of marked phosphate in the flowers or fruits from five individual cotton plants.— Fig* 
4. The total phosphate content of the flowers or fruits from plant number 5 plotted against age. All ages are ex- 
pressed as number of days from anthesis. 















in figure 3, it is apparent that the daily increments 
of phosphate to flowers or fruits of similar age are 
quite variable, but a glance at figure 4 will show 
that the summation of the daily increments, i.e,, the 
total phosphate, is quite uniform, at least for plant 
number 5. Apparently, over a period of time, the 
varying daily supplies to individual flowers are 
“averaged out.” Sunlight and shading are pre- 
sumed to he important factors in accounting for 
random variations in the daily increments of phos- 
phate, 

A graphic representation of the total phosphate 

: . ; . 


in the flowers of plant number 5 is presented in 
figure % 

The average daily increments of dry matter and 
of water have been calculated from enlarged 
smoothed curves such as shown in figure 2. These 
data are presented in figure 5* The daily incre- 
ments do not increase uniformly with age but show 
well-marked maxima and minima. The maxima oc- 
cur at approximately nine days after tnicrosporo- 
genesis, eleven days after megasporogenesis and 
sixteen days after fertilization, with well-marked 
minima occurring between them. The records be- 
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.8 Average daily increments 

.7 Water- upper curve - 

left scale 

,6 Dry weight - lower curve 

right scale 
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Fig. 5-6.— Fig. 5. The average daily increments of water and of dry weight In the flowers or fruits from five indi- 
vidual cotton plants. — Fig. 6. Upper curve. The quantity of marked phosphate delivered (per gram of dry matter) 
to the flowers or fruits on five individual cotton plants plotted against age. The crosses represent running averages 
obtained by averaging each three successive daily means. Each arrow at the top of the graph indicates an individual 
datum point which fell outside of the limits of the graph, — Middle curve. The per cent (dry weight basis) of total 
phosphate in the flowers or fruits from plant number 5 plotted against age. — Lower curve. The per cent of dry weight in 
the flowers or fruits from five individual cotton plants plotted against age. All ages are expressed as number of 
days from anthesis. 
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vend sixteen days are from progressively fewer 
fruits, hut they show that the daily increments of 
both dr v. matter and water decrease after this time. 

The quantity of marked phosphate delivered per 
gram of dry matter, the per cent of total phosphate 
(dry weight basis) and the per cent of dry matter 
in each flower structure are plotted against the age 
of the flower in figure 6. These data show that the 
developing flower primordia possess higher rates 
of phosphate accumulation and contain higher per- 
centages of phosphate than do the later stages. The 
same is true for the percentage of dry weight. The 
latter indicates that hydration of the flower pri- 
mordia begins early and progresses rather uniform- 
ly until fertilization takes place. After fertilization 
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Fig. 7. The environmental conditions existing during 
the periods of absorption and translocation of the radio- 
phosphorus, Each plant was allowed to absorb radio- 
phosphorus for 48 hours; then 48 hours was allowed for 
its distribution before analyses of flowers were conducted, 

a more rapid hydration occurs and it is not until 
the beginning of the third week that the dehydra- 
tion of the fruit begins. The two phenomena, that 
of a high initial phosphorus delivery and conse- 
quently a high phosphorus content, and that of a 
high percentage of dry matter, demonstrate that 
adequate supplies of both phosphate and carbohy- 
drate are readily available to the young flower pri- 
mordia in their earliest stages of development 


Figure 7 shows some of the environmental condi- 
tions existing during the absorption and migration 
periods and gives the general plan of rotation of 
the plants through the experimental periods. 

Discussion. — The highest relative rate of marked 
phosphate accumulation in the developing floral 
structure and consequently the highest percentage 
of phosphorus in the tissues, occurs in the young 
flower primordia. The significance of this point in 
connection with the state of our present knowledge 
can best be pointed out by a quotation from Stew- 
ard (1935). 

“The meristematic cell is the logical starting 
point for any survey upon the relation of growth 
to active salt accumulation. For strictly meriste- 
matic cells there is, unfortunately, little or no pre- 
cise evidence. By a pardonable extension of the 
results obtained with other systems (e.g., storage 
tissues and roots) there is a strong presumption 
that the intensity of salt accumulation measured by 
the concentrations obtainable would be at a maxi- 
mum. Investigation upon the distribution of min- 
eral nutrients (especially potassium, the most read- 
ily accumulated cation) indicate their relative 
abundance in the more active tissues/' He then 
quotes James and Penston (1933) as follows: 
“There is thus a close connection between abun- 
dance of potassium and active growth, but there 
is no evidence that the potassium precedes and pro- 
vokes the growth. The alternative that the growing 
tissues have the capacity for collecting the potas- 
sium that they may require for further growth is 
equally allowable and on the evidence of other lines 
of work, more probable." 

Our results on the meristematic flower tissues 
render “a pardonable extension of results . . ." less 
necessary, and show conclusively that in the cotton 
flower the closer we approach to the purely meri- 
stematic cells the higher is the rate of accumulation 
and, therefore, the per cent of phosphorus in the 
tissues. Furthermore, our results show a very close 
if not a causal relationship between synapsis and 
syngamy on the one hand and dry weight accumu- 
lation on the other, but less of a determinate rela- 
tionship for phosphorus accumulation. We there- 
fore conclude that the growing tissues have the 
capacity to collect the phosphorus that they may 
need for further growth, but that the phosphorus 
does not provoke growth. Hence our results for 
phosphorus parallel those of James and Penston 
for potassium. 

An observation of interest is the apparent re- 
moval of in situ phosphorus from the corolla prior 
to its being dropped. This situation is manifest by 
a rapid delivery of marked phosphate to the flower 
prior to anthesis without a corresponding gain in 
the percentage of total phosphate. Also after the 
shedding of the corolla the remainder of the flower 
structure contains a higher percentage of total 
phosphate than before, which indicates that the 
corolla, at the time of shedding, was relatively low 
in phosphate. 
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Phyllis and Mason (1936) have reported the 
removal of phosphate from the corolla prior to its 
being shed, but in citing agreement with their find- 
ings the present writers hold certain reservations 
regarding their statement that the migratory phos- 
phate moves into the corolla the night preceding 
an thesis and that the phloem is the tissue through 
which it travels. However, we would agree that re- 
moval is most likely to be via the phloem. 

Bakhuvzen (1937) has considered in some detail 
the growth responses which accompany reproduc- 
tion in annual plants (see especially pp. 57-61). 
He has analyzed the data from twelve papers in 
addition to his own for wheat and contends that the 
following phenomena, at the time of fertilization, 
are at a minimum : increase in water relative to dry 
weight, increase in dry weight relative to leaf area, 
increase in total dry weight, increase in leaf area, 
growth in length. All minima are said to hold for 
the plant as a whole as well as for tops, leaves, 
stems, inflorescences and roots separately. 

On a single cotton plant it is not uncommon to 
And fifty to seventy flowers or fruits representing 
all stages of development and it is entirely doubt- 
ful whether the plant as a whole suffers all of the 
minima mentioned by Bakhuvzen each time an indi- 
vidual flower passes the fertilization stage. In this 
respect plants which produce flowers more or less 
continuously must react differently from those 
whose flowers all come into bloom more or less 
simultaneously. Our results indicate that the events 
of synapsis and syngamy occur at the proper times 
to be causal agents in producing the observed spe- 
cific growth responses within the developing cotton 
flowers. And we believe it is probable that in plants 
where all flowers develop synchronously similar 
combined stimuli resulting from the events of syn- 
apsis and syngamy are great enough to cause sharp- 
ly defined responses in the plant as a whole. We 
offer this suggestion because minima in growth rates 
occur at the time of syngamy in both plant body 
and inflorescences in such plants. 

Similar suggestions that synapsis and syngamy 
may be related to growth responses in the plant as 
a whole come from the calculations of Briggs, Kidd 
and West (1920) on the data of Kreusler et al. 
Though these calculations are the subject of con- 
siderable criticism (Fisher, 1921; Bakhuvzen, 
1937) neither critic has shown that the maxima and 
minima are entirely a result of the method of cal- 
culation, The magnitude of the maxima and minima 
may be questioned and the exact time of occurrence 
of each may be uncertain, but the suggestion that 
the phenomena itself may exist is worthy of con- 
sideration. Murneek and Wittwer (1943) and Witt- 
wer (1943) have also presented data which indicate 
that the events of synapsis and syngamy exert in- 
fluences which result in measurable responses with- 
in the plant as a whole. 

In the cotton flower each synaptic or svngamie 
event precedes a period of rapid growth in the 
flower or fruit in question ; minima occur simulta- 


neously with the events of megasporoge nes is and 
fertilization. This leads to the suggestion that a 
critical examination might disclose a third minimum 
(during microsporogenesis ) . Our data for this pe- 
riod, though very limited, suggest that such a mini- 
mum might exist. The suggestion is supported by 
a calculation of the per cent of increase In dry 
matter per day. 

After attempting to relate our results to the find- 
ings of others, we wish to point out deficiencies in 
the work of other authors which have made inter- 
pretations difficult. They are (I) failure to include 
accurate determinations by actual microscopic ob- 
servation of the morphological stages of the mate- 
rials in question, and (2) failure to consider the 
fact that microsporogenesis and megasporogenesis 
may not occur simultaneously but may be separated 
by a significant time interval. 

SUMMARY 

The daily increments of dry matter, water and 
phosphate to flowers and fruits in varying stages of 
development have been measured, furnishing a con- 
tinuous history of the net gain in each fraction as 
the flowers and fruits mature. 

Variations in the size of the daily increments of 
dry matter were found to follow the events of 
meiosis and fertilization. Maxima occur at approxi- 
mately nine days after microsporogenesis, eleven 
days after megasporogenesis and sixteen days after 
fertilization. Well-marked minima occur between 
them. 

The daily increments of w T ater to the developing 
flowers and fruits follow the same general pattern 
as for dry matter, but the ratio of dry matter gain 
to water gain is not constant. Calculations of the 
percentage of dry matter shows a gradual net hy- 
dration of the primordia up to the time of fertiliza- 
tion, then a more rapid hydration for approxi- 
mately two weeks, after which dehydration of the 
fruit ensues. 

The daily increments of marked phosphate to 
the developing flowers and fruits were influenced 
to a lesser extent by the events of synapsis and 
syngamy. Well-marked maxima and minima were 
absent, but gains appeared after each event. 

The per cent of marked phosphate delivered and 
the per cent of total phosphate present (dry weight 
basis) were highest in the young primordia, de- 
creasing progressively thereafter until about five 
days prior to anthesis. Gains, especially in marked 
phosphate, are then recorded during anthesis. Botli 
fractions decrease after fertilization. 

Department of Botany, 

State College of Washington, 

Pullman, Washington 
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RAPID TOTAL EXTRACTION OF AUXIN FROM GREEN PLANT TISSUE 1 
G. S. Avery, Jr., J. Berger, and R. O. White 


The object of the present study was to discover 
a rapid procedure for the total extraction of auxin 
from green plant tissues. In the course of this work 
the presence of auxin precursors was encountered, 
and the procedure as dually developed converts 
these precursors to auxin in 30 minutes. 

Van Overbeek’s adaptation of Boysen Jensen’s 
method of extraction of auxin from plant tissues 
has been widely used since its presentation. Within 
the past three to five years, however, increasing 
difficulties have been encountered with this proce- 
dure, at least with many tissues. Thus Thimann 
and Skoog (1940), Gustafson (1940), Link et al. 
(1940), and others have found that some green tis- 
sues, if allowed to remain in ether, continue to 
yield auxin slowly over long periods of time, even 
as much as one year. Obviously in these cases the 
use of ether as an auxin extracting agent is wholly 
inadequate. A good extraction procedure should 
rapidly and consistently remove all the existing and 
potential growth-promoting substances in a given 
tissue. The presently described procedure fulfills 
these objectives satisfactorily for green tissues of 
the Cruei ferae. 

As regards other work on the extraction of auxin 
from Cruei ferae, Linser (1939, 1940) has described 
a simple alcohol extraction technique for removal 
of auxin from green tissues. His data indicate high 
yields from “hydrakohP* ( Brassica ole race a ace- 
phala D.C.") and kohlrabi (corresponding to about 
20 to 1 20 micrograms of indoleacetic acid per grn. 
dry weight, 2 to 12 million TDO) and lesser yields 
from brussel sprouts, cabbage, etc. In one instance, 
he calculates an auxin yield from kohlrabi equiva- 

1 Received for publication December 13, 1944. Work 
carried out at Connecticut College. 

-Correspondence from Dr. Hans Linser, Landw. Ver- 
suchsstation, Limburgerhof, Germany, May 8, 1941. 


lent to 0.02 per cent pure indoleacetic acid, and in 
another instance 0.06 per cent from hydrakohl (on 
a fresh weight basis). These extraordinary yields 
are the highest so far reported in the literature. 
Link, Eggers and Moulton ( 1940 ) report an auxin 
yield obtained by ether extraction from cabbage 
equivalent to about 45 micrograms of indoleacetic 
acid per gram dry weight ( 4.5 million TDC), but 
this required 22 hours extraction. 

Materials and methods. — Green tissues from a 
large variety of plants have been extracted and 
assayed for auxin in this laboratory. Green leaves 
of the crucifers proved to be especially rich sources 
of auxin, and after a preliminary survey of half a 
dozen or more species, cabbage and kohlrabi were 
selected for more detailed investigation. 

Extracts of fresh green leaves from cabbage pur- 
chased in the vegetable market were tested for total 
auxin activity at different seasons of the year. Low 
yields of total auxin were obtained in many winter 
samples; the maximum yields were encountered in 
the green leaves of summer cabbage. 

To provide uniform sources of material for de- 
tailed experiments, green tissues were dried 24 to 
48 hours at low temperature and pressure in an 
apparatus described by Hays and Koch ( 1942 ). 
They were then ground to a powder and kept at 
room temperature in a desiccator in the dark until 
used. Unless otherwise mentioned, the data in this 
work were obtained on such dried materials. The 
fresh green leaf tissues were taken from 30 cm. 
high kohlrabi ( Brassica caulorapa Pasq.) plants 
growing in the greenhouse and from the outer leaves 
of heads of market cabbage ( Brassica oleracea 
capitata L.). 

“Free” auxin yields are designated as those ob- 
tained by extraction of 40 to 50 mg. dried ground 
tissue with 10 ee. water for 30 minutes at natural 
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pH and 25 °C. “Total” auxin yields (which include 
free auxin and auxin precursor) are obtained in 
this study when tissue suspensions in acid or alkali 
are autoclaved at 120°C. for 30 minutes before 
auxin assay. The term “precursor” is, as before 
(Avery, Berger, and Shalucha, 1941), used to 
designate a compound (or compounds) which is 
physiologically inactive in the Avena test until 
converted to auxin by suitable treatment, such as 
alkali or acid hydrolysis. Precursor yield is calcu- 
lated as the difference between the total and the 
free auxin. Before Avena assay, suspensions are 
adjusted to about pH 6, and clarified by centrifug- 
ing. The clear aqueous extracts are then diluted 
with water, so that a series of concentrations is 
available for making up agar blocks for use in 
Avena tests. Final pH values are determined with 
the glass electrode after treatment of suspensions 
or extracts. 

Skoog’s deseeded Avena method (cf. Avery, 
Creighton, and Hock, 1989) was used in this study; 
all yield data reported have been calculated from 
Avena curvatures shown to be in the proportion- 
ality range, so that they are quantitatively signifi- 
cant. Yields are expressed in total degrees curva- 
ture (“TDG”) per gram dry weight of tissue (cf. 
Avery, Berger, and Shalucha, 1941). One micro- 
gram of indoleaeetie acid is equivalent to about 
100,000 TDC units. 

Observations.— Previous experience with total 
auxin extraction from maize indicated that the pH 
is the most important single factor. Therefore, the 
effect of pH on auxin yield from green tissue was 
investigated first. 

Effect of acid and alkali treatment on auxin yield 
from cabbage . — In figure 1 are summarized the 
results obtained when dried cabbage tissue is ex- 
tracted with buffer solutions over the pH range of 
2 to 10, and with stronger acid and alkali solutions. 
In all cases except the control (unheated, at natu- 
ral pH of tissue), suspensions are autoclaved 30 
minutes at the various pH values indicated. It may 
be seen that from pH 2 to 5.5 yields are about one- 
third greater than the untreated control; from pH 
6.6 to 10, yields are the same as the control. It can 
be mentioned that the components of the buffer 
mixture are not responsible for keeping low the 
difference in the amount of auxin produced at pH 
8 to 10 and that produced with strong acid or 
alkali, since adjustments with pure acid and alkali 
over this pH range give the same type of results. 
The buffer mixture was used to give more con- 
trollable pH values. However, treatment with l N 
alkali (NaOH) gives auxin yields that are 6 to 7 
times greater than the control, and treatment with 
0.5 N acid (HC1) doubles the yield. Thus, both 
acid and alkali treatments increase auxin yields 
and, with this particular sample of cabbage, the 
maximum yield is obtained upon hydrolysis in 1 N 
alkali. Treatment with higher concentrations of 
acid or alkali results in decreased yields. 

Effect of temperature and time of heating on 


auxin yield from cabbage . — From the curves in 
figure 2 it may be seen that at both 100° and 120°G. 
yields continue to increase for 20 minutes, and that 
30 minutes of heating at 120° gives the maximum 
yield. Autoclaving in 1 N NaOH for 30 minutes 
vras therefore adopted as standard procedure for 
total auxin extraction from cabbage. 



Fig. 1. Effect of pH on auxin yield from cabbage. 
When suspensions were hydrolyzed in the range of pH 
£-10, a single mixed buffer containing KCI-HCI, Na 
acetate, Na phosphate, Na borate and NaOH was used. 
In other cases, NaOH or HCI solution was used (see 
text). Suspensions were autoclaved for 30 minutes. — Fig. 
2, Effect of temperature and time of heating on auxin 
yield from cabbage tissue, in the presence of 1 Normal 
NaOH. A different batch of dried tissue was used here, 
from the one used in figure 1, thus accounting for the 
difference in yield. — Fig. 3. Effect of pH on auxin yield 
from kohlrabi. In the range of pH £-10, a buffer of the 
same composition as in figure 1 was used. Suspensions 
were autoclaved for 30 minutes. 

Effect of acid and alkali on auxin yields from 
kohlrabi and other crucifers . — -The yield data pre- 
sented in figure 8 show the same general trend as 
those in figure 1, Thus, autoclaving within the 
usual pH range does not increase the auxin yield 
from kohlrabi, but hydrolysis with 0.5 N HCI or 
1 N NaOH almost quadruples the yield. 

Preliminary tests were made on green leaves of 
other crucifers (rutabaga, turnip, Chinese cabbage 
and broccoli) prepared for extraction iri the. same 
manner as for cabbage and kohlrabi. In every in- 
stancy auxin yields from tissue hvdrolvzed in 1 N 
alkali were increased from 2- to 6-fold over the 
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yields obtained at natural pH. Treatment with 0.5 
N acid also increased auxin yields in some in- 
stances. 

Stability of the liberated auxin .• — The data in 
figures 1* 2 and 3 are a reflection primarily of the 
conversion to auxin .by acid and alkali of the auxin 
precursors in cabbage and kohlrabi. The data also 
depend upon the stability of the liberated auxins. 
To investigate the latter independently, auxin was 
first liberated from the tissues with 1 N alkali, and 
then re-heated with acid (table 1). It may be con- 
cluded from items (1) and (2) of table 1, that the 
alkali-liberated auxin from both tissues is acid 
labile. These properties are similar to those of in- 
doleacetic acid. From items 3 and 4 in table 1, it 
appears that the acid-liberated auxin is also stable 
to alkali. 

Table 1 . Stability of liberated auxin to acid and alkali. 


Auxin yield in mil- 
lions of TDC/gm. 
dry wt. 

No. Treatment Cabbage Kohlrabi 

1, Autoclaved in 1 N sodium hydrox- 

ide, 30 minutes ‘ 27.6 9.0 

2. (1) re-heated in 1 N hydrochlo- 

ric acid, 30 minutes 2.1 0.6 

S, Autoclaved in 0.5 N hydrochloric 

acid, 30 minutes ... 8.4 

4. (3) re-heated in 1 N sodium r * 

hydroxide, 30 minutes 9.1 


Solubility of the auxin and auxin precursors . — 
Preliminary tests have shown that refluxing with 
absolute alcohol yields an extract from kohlrabi 
tissue that contains about the same “free” auxin 
activity as an untreated aqueous extract (1.8 mil- 
lion TDC/gm. vs. 2.3 for water extraction). Thus 
the free auxin is soluble in alcohol, as one would 
conclude from the work of Linser. On the other 
hand, acid and alkali treatments of such an alcohol 
extract result in only insignificant increases in 
auxin yield, indicating that the auxin precursors 
are relatively insoluble in alcohol. 

In one experiment, a clear aqueous extract of 
kohlrabi was made from 50 mg. dry tissue in 5 cc. 
water, pH 5.8. This was assayed as such, and again 
after 30 minute acid and alkali hydrolysis. The 
following auxin yields (in millions of TDC/gm. 
dry wt.) were obtained: unheated, 2.3; autoclaved 
in 1 N sodium hydroxide, 4,3; autoclaved in 0.5 N 
hydrochloric add, 7.6. These results indicate that 
some of the auxin precursor (s) is readily soluble 
in water. And if the data are borne out by further 
experiments later, the alkali hydrolyzable precursor 
appears to be less soluble than the acid hydrolyza- 
ble one. 

Discussion. — The present study has been limited 
to species of one genus of the Cruciferae, in which 
it lias been found that alkaline as well as acid hy- 
drolyses give increased auxin yields. 


Alkaline hydrolysis has been used as a procedure 
for auxin extraction from kernels of corn and wheat 
(Avery et ah, 1941, 1942, and Haagen-Smit et ah, 
1942) and from rye (Hatcher, 1943). Gordon and 
Wildman (1943) showed that alkaline hydrolysis 
of casein, purified spinach protein and pure trypto- 
phan, gave small yields of auxin, up to about 0.01 
per cent of the dry weight. It was suggested by 
Gordon and Wildman that since tryptophan is un- 
doubtedly present in green tissues, the use of this 
procedure in auxin extraction is open to question. 
The significance and extent of conversion of trypto- 
phan to auxin has been discussed elsewhere (Avery 
and Berger, 1943). It is perhaps sufficient to point 
out here that many green tissues do not yield auxin 
on alkali treatment but do undoubtedly contain 
tryptophan, i.e., in such tissues tryptophan is ap- 
parently not converted in sufficient amounts to be 
measurable in the Avena test. Moreover, assuming 
even a 0.1 per cent conversion of tryptophan to 
indoleacetic acid on alkali treatment (which is 10 
times as high as has been obtained experimentally) 
then average cabbage samples assaying about 25 
million TDC/gm. dry wt. (or 0.025 per cent in- 
doleacetic acid, after conversion) would have to 
contain 25 per cent tryptophan, which is, of course, 
extremely unlikely. Young growing points of cab- 
bage have been found to yield as high as 240 mil- 
lion TDC/gm. dry wt. or 0.24 per cent indoleacetic 
acid on treatment with 1 N sodium hydroxide 
(Avery and Pottorf, 1945). 

That the auxin extraction method set forth in this 
study is applicable to at least certain other green 
tissues than those of the Cruciferae, is indicated in 
a communication from a former associate, Miss Bar- 
bara Shalueha. She reports extractions from young 
leaves and growing points of peach (. Prunus persica 
Sieb. & Zucc. var. South Haven) as giving auxin 
yields of at least 20 million TDC per gram dry 
weight of tissue (1 N NaOH, 60 minutes at 120°C.), 

Link, Eggers and Moulton (1940) report that 
the auxin in ether extracts of cabbage is resistant 
to acid and alkali, but since none of their data 
(table 4 of their paper) on this point are signifi- 
cant, i.e., no Avena curvatures are in the propor- 
tionality range, their evidence is insufficient for this 
conclusion. 

The data in the present study clearly show that 
not only is the major part of the total auxin in cab- 
bage stable to autoclaving in reasonably strong 
alkali (1.0 N) and acid (0.5 N but not 1.0 N), but 
indeed hydrolysis with these reagents gives maxi- 
mum auxin yields. These maximum auxin yields are 
composed of both the naturally occurring free auxin 
and the converted auxin precursor (s). The stability 
of the auxin which exists free initially was not de- 
termined in these experiments. The stability to 1 N 
alkali of one of the liberated auxins and its lability 
in 1 N acid are similar to the properties of indole- 
acetic acid. 

The presence of at least two auxins and two 
auxin precursors in the Cruciferae is suggested, but 
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not proven, by the following: (a) Two optima (acid 
and alkali) exist for the conversion of the precur- 
sor (s). Unpublished evidence is on hand from isola- 
tion work that the alkali-produced auxin is prob- 
ably indoleacetic acid; however, the acid-produced 
auxin cannot be indoleacetic acid, since this is de- 
stroyed by acid treatment; (b) the varying ratios 
of conversion of precursor (in the different spe- 
cies) by 0.5 N hydrochloric acid vs. 1 N sodium my- 
droxide solution. For example, 0.5 N acid liberates 
the same amount of auxin as does 1 N alkali from 
kohlrabi (figure 3), only one-third as much from 
cabbage (figure 1). If only one precursor existed, 
it would be reasonable to expect a more or less con- 
stant conversion ratio. 

SUMMARY 

In the search for a rapid method of total extrac- 


tion of auxin from green plants, it has been found 
that green tissue from certain species of Cruci ferae 
gives the maximum auxin yield upon autoclaving 
for 30 minutes in 1 N alkali. In cabbage and kohl- 
rabi, about 20 to 30 per cent of the total auxin is 
free, and extractable with water alone; the remain- 
ing 70 to 80 per cent is precursor, which is at least 
partly water soluble, and convertible to auxin upon 
alkaline hydrolysis. Green leaf tissue from these 
plants contains total auxin equivalent to from 0.03 
to 0.35 mg. indoleacetic acid per gin. of dry tissue. 

Hydrolysis of green tissue with 0.5 N acid also 
gives increased total auxin yields, which in the case 
of kohlrabi, is equal to that obtained upon alkaline 
hydrolysis. 

Brooklyn Botanic Garden, 

Brooklyn, New York 
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A LIST OF CHROMOSOME NUMBERS IN HIGHER PLANTS. 

II. MENISPERMACEAE TO VERBENACEAE 1 

Wray M. Bowden 2 

In a previous paper ( Bowden, 19 45) 3 the chro- 2831-39, fig. 121. Cocculus laurifolius DC., Royal 
mosome numbers of many angiospermous species Palm Nursery, Oneco, Florida, 2n = 26.— No. 
were reported and figured. In the present paper 866-32, fig. 122. Cocculus trilob us (Thunb.) DC., 
chromosome numbers are recorded for numerous pistillate plant, B.F.L, P.I. No, 82420, col. near 
species and genera in nineteen additional families top of Mt. Koka, Island of Koka to, 2n = 52 (n = 
of angios perms and in one gy mrios per mous family. 25, Nakajima, 1937, in a staminate plant). — 'No, 
Chromosome numbers. — - M enis per mace ae. — No* 6648-38, fig. 123. Cocculus carol in us (I,.) DC., 
1 Received for publication October 2, 1944, ^ * Park Seed So., South Carolina, 2n z.r 78. 

- Formerly Research Fellow in Agricultural Biolog}’ of No. 867—37, Cocculus carolinus { L.) DC,, col. by 
The Blandy Experimental Farm, University of Virginia, (). E. White near Lake Waeeamaw, North Caro- 
Boyce, Virginia. 2 n — 78 

On the first line on page 91 of Bowden (1945), (2n ss ’ * , 

16, Bowden, 1940a) should have read (2n = 46, Bowden, Moraeeae .- -No. 669 1860, fig. Li. Broussonetia 
1940a), papyrifera (L.) Vent., staminate tree, near The 
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121-140.— Fig. 124, 132, 133. Polar views of meiotic stages.— Other figures, polar views of mitotic metaphases. — 
Magnification X 2500, except figures 124 and 132 which have a magnification X 3240. — Fig. 121-123. Menisperma- 
eeae. Fig. 121. CqccuIub laurifalius IX\, 2n = 26.— Fig. 122. Cocculus tnlobus (Thunb.) DC., 2n = 52.— Fig. 123. 
Coccutu* caroUnm (L.) - DC., -.2n =■ 78,— Fig, 124, 125. Moraceae, — Fig,. 124* Broussonetia papyrifera (D.) "Vent., 
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Quarters, The Blandy Experimental Farm, Vir- Sugiura, 1936; Winge, 1917); (n = 8, v. Boenicke* 
ginia, n = 13 (2n = 26, Bowden, 1940a). — No. 19.11); (2n = 10, Nagao and Sakai, 1939). — X o. 

67.1-36, fig. 125. Broussonetia papyrifera (L.) 5748-28, fig. 146, Made ay a cor data R. Br., “Scale- 

Vent., pistillate tree, near Main Street and Jeflfer- by,” Clarke County, Virginia, n = 10 (n =: :l o, 
son Park Road, Charlottesville, Va., 2n = 26. Sugiura, 1935). — No. 5747-39, fig. 147. Macl ea ya 

Nyctaginaceae . — No. 6624-39, fig. 126, Oxyha - cordata R. Br., Thompson and Morgan, Ipswich* 

phus nyctagineus (Michx.) Sweet., B.G., Cam- England, 2n = 20. 1 

bridge, England, 2n = 58. — No. 6688-39, fig. 127. Passifloraceae . — No. 4333-39, fig. 148. Passi- 

Oxybaphus viscosus L’Her., B.G., Coimbra, For- flora bryonoides H. B. and K., B.G., Coimbra, p or - 1 

tugal, 2n = 58. tugal, 2n = 12.— No. 7753-39, fig. 149. Pauifl or a I 

Oleaceae. — No. 2185—39, fig. 128. Menodora capsularis L. var. acuti flora Hort., B.G., Stock" 1 

scoparia Engelm., S.C.S., Arizona, col. Payson, holm, Sweden, 2n = 12. — No. 4335-38, fig. 15O, 1 

Arizona, 2n = 22. — No. 5978—40, fig. 129. Jasmi - Passi flora coerulea L., garden at Brantford, Qxi" 1 

num Mesnyi Hance., Kiyono Nursery, Alabama, tario, 2n = 18 (2n = 18, Heitz, 1926) (n = 9, I 

2n = 24. — No. 5742-39, fig. 130. Jasminum offi- Nakajima, 1931 ; Simonet and Miedzyrzecki, 1932)* 1 

cinale L. var. affine (Lindl.) Nichols., B.G., Coim- — No. 4339-34, fig. 151. Passi flora incarnata I 1 
bra, Portugal, 2n = 26. — No. 2342-33, fig. 131, col. by O. E. White in Georgia, 2n = 18. — -No. 1 

Jasminum Beesianum Forrest, and Diels., B.P.I., 170-38, fig. 152, Passi flora mollissima (H. B. an .d I 

P.I. No, 82368, 2n = 26.— No. 2343-36, fig. 132. K.) Bailey., Rex D. Pearce, N.J., 2n = 18. --No. 1 

Jasminum floridum Bunge., LeMac Nursery, Vir- 4225-39, fig. 153. Passi flora racemosa Brot., Henry 1 

ginia, 11 = 13. — No. 2020-39, fig. 133. Jasminum A. Dreer, Pa., 2n = 18 (n = 9, 2n =18, Hefts*,, | 

officinale L. var. grandiflorum (L.) Kobuski., W. B. 1926), — No. 6680-39, fig. 154. Passi flora gracilis 1 

Clarke and Son, Calif., n = 13. — No. 5743-38, fig. Jacq., B.G., Stockholm, Sweden, 2n = 20. — No* j 

134. Jasminum humile L., Lloyd B.G., Darjeeling, 4336-39, fig. 155.. Passi flora foetida L., B.G., Sing" 

India, 2n = 26. — No. 6727-39, fig. 135, Jasminum apore, Straits Settlements, 2n = 22. — No. 4340- 1 

odoratissimum L., B.G., Coimbra, Portugal, 2n = 37, fig. 156. Passiflora lutea L., col. by O. E. White, I 

26. — No. 5744—38, fig. 136. Jasminum officinale L., native, Clarke County, Virginia, 2n = 84. 1 

Lloyd B.G., Darjeeling, India, col. 4,000 ft., 2n = Pinaceae . — No. 2202-39, fig. 157. Pinus carta - l 

26. — No. 6279-40, fig. 137. Jasminum Parlceri riensis C. Smith., S.C.S., Santa Paula, California, 

Dunn., Green Past. Gardens, Washington, 2n = col. at Corralitas, California, 2n = 24. — No. 227- 

26. — No. 6935-40, fig. 138. Jasminum Sambac Ait. 38, Pinus patula Schlecht. and Chamisso,, Katzer*" 

var. Grand Duke Hort., Royal Palm Nursery, stein and Co., Georgia, 2n = 24. 1 

Oneco, Fla., 2n = 26. — No. 5745-39, fig. 139. Jas- Portulacaceae. — No. 5684-36, fig. 158. Talinum | 

minum humile L, var, glabrum (DC.) Kobuski., sp., received as T. Mengesii Wolf., col. near T11S- ! 

B.G., Copenhagen, Denmark, 2n = 26. — No. 2344- .caloosa, Alabama, by A. V. Beatty, 2n = 48.- — | 

30, fig. 140. Jasminum nudiflorum Lindl., O. E, No. 5687-35, fig. 159. Talinum teretifolium Pursh*? 

White, Charlottesville, Va., 2n = 52. — No. 7602- wild near Wake Forest, North Carolina, col. by j 

40, Jasminum nudiflorum Lindl., University of Vir- H. M. Phillips, 2n = 48 (2n = 48 in two collet' ;! 

ginia Grounds, 2n = 52. — No. 5724-38, fig. 141. tions, and 2n = 24 in one collection, Steiner, 1944) • 

Fr ax in us floribunda Wall., Lloyd B.G., Darjeeling, Saxifragaceae . — No. 1880—38, fig. 160. Itea ilicP 

India, col. 6,000 ft., 2n = 46. folia Oliver., W. B. Clarke and Son, California j 

Palmaceae.— No. 6850-39, fig. 142. Sabal causia- n = 11. | 

rum Becc., E. West, Gainesville, Florida, 2n = 36. Pontederiaceae . — No. 3462-39, fig. 161. 2£ich~ 

— No. 6845-89, fig. 143. Sabal minor (Jacq.) Pers., hornia Martiana Seub., Wm. Tricker, Inc., 

E. West., Gainesville, Florida, 2n = 86. — No, n = 8. — No. 6599-40, fig. 162. Eichhornia azure a 

7166-39, fig. 144. Sabal Palmetto Lodd., Municipal Kunth., Henry A. Dreer, Pa., 2n = 32. — No. 555 j 

Park, Southport, North Carolina, from a trans- 39, fig. 168. Pontederia cordata L., col. by W. W - £* 
plant from the North Carolina coast, 2n = 36. — ■ Bowden near Wilmington, North Carolina, n — S 

No. 6844-39, Sabal Palmetto Lodd., E. West, (n = 8, R. W. Smith, 1898). — No. 6603-40, fkg* 

Gainesville, Florida, 2n = 86. 164. Pontederia cordata L. var. angustifolia Tor*?-* 

Papaveraceae . — -No. 5711-27, fig. 145, Chelido - Johnson Water Gardens, Hynes, California, n ^ 

nium magus L., col. by O. E. White in Clarke 8, — No. 6603-40, fig. 165. Pontederia cordata I- 

County, Virginia, n = 6 (n = 6, Marchai, 1920; var. angustifolia Torr., see preceding collection 1 ? 

Metaphase I, n = 13.— Fig. 125. Broussonetia papyrifera (L.) .Vent., 2n = 26. — Fig. 126, 127. Nyctaginaceae.—"" 

Fig. 126. Oxybaphus nyctagineus (Michx.) Sweet., 2n = 58. — Fig, 127. Oxybaphus viscosus L’Her., 2n = 58.--- Fig* 

128-1 10. Oleaceae. — Fig. 128. Menodora scoparia Engelm., 2n = 22.— Fig. 129. Jasminum Mesnyi Hance., 2n — ;24* 

- Fig. 130. Jasminum officinale L. var. affine (Lindl.) Nichols., 2n = 26. — Fig. 131. Jasminum Beesianum Forrest* 
and Diels., 2n = 26. — Fig. 132. Jasminum floridum Bunge., Anaphase I, n = 13.— -Fig, 133. Jasminum officinale D* 
var. grandiflorum (L.) Kobuski., Metaphase I, n = 18. — Fig. 134. Jasminum humile L., 2n = 26.— Fig. 135. JasrrtP 
num odoratissimum L., 2n = 26. — Fig. 136. Jasminum officinale L., 2n = 26.— Fig. 137. Jasminum Parkeri DunO*» 

2n = 26. - Fig. 138. Jasminum Sambac Ait. var. Grand Duke Hort., Bn = 26. — Fig. 139. Jasminum humile L. v^ r * 

glabrum (DC.) Kobuski., 2n = 26. — Fig. 140. Jasminum nudiflorum Lindl., 2n == 52, ’ j| 
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frig. 14.1-l()0.— fr ig. 115, 146, and 160. Polar views of meiotic stages.— Other figures, polar views of mitotic meta- 
phases. Magnification, X 2500, except figures 145, 146, and 160, which have a magnification X 3240.— Fig. 141. 

Oleaceae.— frig 141. Fra anus floribunda Wall., 2n = 46.— Fig. 142-144. Palmaceae.— Fig. 142. Sabal causiarum 
- 56.— frig. 143. Sabal mmor (Jacq.) Pers., 2n = 36.— Fig. 144. Sabal Palmetto Lodd., 2n = 36.— Fig. 
14o-14T. I apaveraceae.— Fig. 145. Chdidonium majue L., Metaphase I, n = 6.— Fig. 146 Madeaya cordata R. BR., 
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2n 16, — No. 7513-40, fig. 166. Heteranthera 

diibla (Jacq.) MacM., col. by W. M. Bowden near 
St. Williams, Norfolk County, Ontario, 2n rz: SO. 

Rhamnaceae. — No. 5710-36, fig. 167. Ceanotkus 
americanus L., col. by O. E. White, in Clarke Coun- 
ty, Virginia, n = 12. — No. 2100-39, fig, 168. 
Ceanothus ar bore us Greene., S.C.S., Santa Paula, 
California, 2n = 24. — No. 2308-39, fig. 169. 
Rhamnus calif arnica Eschsch., S.C.S. Nursery, Al- 
buquerque, New r Mexico, 2n = 24. — No. 6673-39, 
fig. 170. Rhamnus utilis Dene., Boyce Thompson 
Arboretum, N.Y., 2n = 24.— No. 6748-39, fig. 171. 
Sager etia theezans Brongn., U.S.D.A. through 
H. A. Senn, C.E.F., Ottawa, 2n =z 24. — No. 4171 — 
31, fig. 172. Zizyphus Jujuba Mill., B.P.I., P.L 
No. 38245, spiny suckers from stock, n = 12 (n “ 
20, Srinivasachar, 1940).— No. 4172-31, fig. 173. 
Zizyphus Jujuba Mill. var. inermis (Bge.) Rehd. 
(var. “Shui men tsao” Hort.), B.P.I., P.I. No. 
38245, scion, variety cultivated near Paihsiangchen, 
Shansi, China, n = 12 (n = 12, Morinaga et al., 
1929). — No, 4170-35, Zizyphus Jujuba Mill. var. 
inermis (Bge.) Rehd. (var. Lang Hort.), Ramsey’s 
Austin Nursery, Texas, n = 12. 

Rosaceae. — No. 3758-39, fig. 174. Quillaja bra - 
sUiensis Mart., B.G., Montevideo, Uruguay, 2n = 
34. — No. 3590-34, fig. 175. Spiraea tomentosa L. 
var. alba West., col. by A. Lorz near Allegheny, 
Pennsylvania, n = 18. 

Rutaceae . — No. 1050-34, fig. 176. Dictamnus 
albus L., Bobbink and Atkins, N.J., n :z= 18. — No. 
5452-31, fig. 177. Evodia Daniellii (Benn.) HemsL, 
B.P.I., P.I. No. 93115, n = 36— No. 88-38, fig. 
178, Evodia fraxinifolia Hook f., Lloyd B.G., Dar- 
jeeling, India, col. at 5,000 ft., 2n = 72. — No. 
6839-39, fig. 179. Evodia hupehensis Dode., B.G., 
Budapest, Hungary, 2n = 72. — No. 1900-38, fig. 
180. Zanthoxylum Clava-Herculis L., col. by O. E. 
White at Holden Beach, North Carolina, 2n r= 
ca . 72. 

Salicaceae. — No. 2031-39, fig. 181. Salix Hum - 
boldtiana Willd., Atkins Inst., Arnold Arboretum, 
Cuba, 2n = 38. — No. 5758-40, fig. 182. Salix Bon - 
plandiana H.B. and K., col. by J. N. Couch in Mexico 
City, Mexico, 2n = 42.— No. 3507-33, fig. 1 83. Salix 
babylonica L,, pistillate plant near Millwood, Vir- 
ginia, cuttings collected by O. E. White, 2n = 76. 

Sapindaceae. — No. 6621-39, fig. 184. Cardio- 
s per mum Halicacahum L., B.G., Coimbra, Portugal, 
2 n = 22 (n = 11, Sugiura, 1931).— No. 6057-40, 
fig. 185. Koelreuteria formosana Hayata*, Royal 
Palm Nursery, Oneco, Florida, 2n z= 22, — No, 
2392**28, fig. 186* Koelreuteria paniculata Laxm., 


University of Virginia Grounds, 2n rrz 22 (2n zrz 
30, Eichhorn and Franquet, 1936). 

Tamaricaceae. — No. 3645-34, fig. 187. Tamar ix 
gallic a L., col. by O. E. White at Wrightsville 
Beach, N.C., n '= 12.— No. 3649-29, fig. 188. 
Tamar ix hispida Willd., Storrs and Harrison, Ohio, 
n = 12. — No. 3650-29, fig. 189. Tamarix odessana 
Stev., Storrs and Harrison, Ohio, n = 12.— No. 
3651-30, fig. 190. Tamarix parvi flora DC., Munson 
Nursery, Texas, n = 12. — No. 3646-36, fig. 191. 
Tamarix parvi flora DC., Boyce Thompson Arbore- 
tum, Yonkers, New" York, 2n = 24. — No. 6448-39, 
Tamarix parvi flora DC., University of Virginia 
Grounds, 2n = 24. — No, 2770-39, fig* 192. Tamarix 
pentandra Pall., Hardy Plant Nursery, Dropmore, 
Man., 2n = 24.— No. 7597-40, fig. 198. Tamarix 
aphylla (L.) Karst., W. S. Florv, College Station, 
Texas, 2n = 24. — No. 7598-40, Tamarix aphylla 
( L. ) Karst., Ramsey’s Austin Nursery, Texas, 2n 
= 24. 

Ulmaceae. — No. 377-37, fig. 194. Celt is laevigata 
Willd., col. by O. E. White at Williamsburg, Va., 
2n zzz 20. — No. 766-27, fig. 195. Celt is occidentalu 
L., native to The Blandv Experimental Farm, 
Boyce, Clarke County, Virginia, 2n ±= 20. — No. 
6586-40, fig. 196. Celtis sinensis Pers., Kohankie 
and Sons, Ohio, 2n = 20. — No. 6637-39, fig. 197, 
Celtis australis L., B.G., Montevideo, Uruguay, 
2n == 40. 

Umbelliferae. — No, 5721-27, fig. 198. Eryngium 
maritimum L., Brooklyn B.G., N.Y., n = 8 (n = 8, 
Wulff, 1937).— No. 405-37, fig. 3 99. Eryngium 
aquaticum L., col. by A. V. Beatty, Tuscaloosa, Ala- 
bama, n =:■ 48 (2n = 96, Wanscher, 1933). — No. 
2782-39, Eryngium aquaticum L., col. by W. M. 
Bowden near Chapel Hill, North Carolina, 2n 
= 96. 

Verbenaceae . — No. 6734-39, fig. 200. Cleroden- 
dron speciosissimum Van Beert. (— C. fallax 
LindL), B.G., Edinburgh, Scotland, 2n = 48. — 
No. 2829-39, fig. 201. Clerodendron Thomsoniae 
Balfour, var. delectum Hort., Royal Palm Nursery, 
Oneco, Florida, 2n = ca. 48. — No. 2830-39, fig, 
202. Clerodendron Kaempferi (Jacq.) Sieb. (= C. 
squamatum Vahl.), Royal Palm Nursery, Oneco, 
Florida, 2ri zzz 60. — No. 860-28, fig. 203. Cleroden- 
dron trichotomum Thunb., Brooklyn B.G., N.Y., 
n =r ca. 46. — No. 6447-39. Clerodendron trichoto- 
mum Thunb., a horticultural variety distinct from 
the preceding collection, col. by O. E. White in the 
Coker Arboretum, Chapel Hill, North Carolina, 
2n ca. 92.— No. 6722-39, fig. 204. Clerodendron 
Bungei Stand., B.G., Antwerp, The Netherlands, 
2n == 108. 


Anaphase I, n 10. — Fig. 147. M acleaya cor data R, Br., in =s 20.— Fig. 148-156. Passifloraeeae. — F i g. 148. Passi- 
flora bryonoides H.B, and K., in = li. — Fig. 149. Pas si flora capsutaris L. var, acutiflora Hort, in = 12. — Fig. 150. 
Passi flora coerulea I*., in = 18, — Fig. 151. Passiflora mcarnata L., in = 18.— Fig. 152. Passiflora mollis sima (H.B. 
and K.) Bailey., in = 18. — Fig. 153, Passiflora mcemosa Brot., in — 18.— Fig. 154. Passiflora gracilis Jacq., in = 

20,— Fig. 155. Passiflora foetida L, s in = ii.—Fig. 156. Passiflora lutea L., in = 84. -Fig, 157. Pinarme, — Fig. 

157. Finns canariensis C. Smith., in = it. —Fig. 158, 159. Portulacaeeae. — Fig. 158. Talhmm sp„ in = 48.—' Fig. 
159. Talrnum tereUfolimn Pursh., in = 48. -Fig. 160. Sax ifragaeeae. — Fig. 160. I tea UwifoUa Oliver., Metaphase I, 
n =s It 
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Additional cytologic a l notes. — The chromo- Helianthemum , Pass-i flora, and the family Annoim- 

some number was found to be doubled in small sec- ceae. 

tors of root tips of the following collections: No. The genus Helianthemum is much confused taxo- 
5727-38, Helianthemum canum Boiss., 2n = 44 in noinicallv and there is evidence to indicate that data 
tetraploid sector; No. 4319-38, Opuntia compress a on chromosome number and morphology would aid 
Macbride., 2n == 44 in tetraploid sector; No. 4317 - the taxonomy of this genus. Two series* of ehroino- 
38, Opuntia impedita Small., 2n = 88 in octoploid some numbers have been reported by Chiarugi 
sector; No. 6727-39, Jasminum odoratissimum L., ( 1925 ) and Bowden ( 1945 ) for different collec- 

2n = 52 in tetraploid sector. Ervin ( 1941 ) re- tions of species of Helianthemum , namely, 2n = 
viewed the occurrence of polysomaty which has 16 , 32 , 48 ; and 2n = 20, 22. The species of He - 
been observed in species of widely-separated fami- lianthemum reported in the present list were de- 
lies of higher plants. In Cucumis melo, all mitoses terrained by the botanical gardens which supplied 
were monosomatic in the anterior part of the meri- the seeds except in the case of a few collections 
stem of the root tip, while in older regions poly- which were re-identified. Several synonymous names 
somatic cells were present in a percentage of cells, have been listed since it was clear that any attempt 
During the present investigation, all serial sections to refer certain species to better-recognized species 
were examined and all portions of the tissues were was not justified by the cytological data. An exten- 
observed for variation in chromosome number, sive cytological and taxonomic survey of this genus 

In serial sections of the anthers of Asimina tri- is required. 
loha ( L. ) DunaL, numerous polyploid metaphase Discussion. — Cytological technique. — While both 

plates were observed in the tapetal layer. These aceto-carmine smears of pollen mother cells and 
polyploid metaphases were mostly tetraploid, 2n = stained serial sections of root tips, young leaves, 
36, but a few were octoploid, 2n = 72 , and proved stem tips, and young flower buds were used during 
to be valuable for confirming the diploid chromo- this investigation, the chromosome complement was 
some-number determination. Darlington ( 1937 ) defined best in stained serial sections of root-tip 
stated that tetraploid and octoploid nuclei are regu- material. Aceto-carmine smears provided a rapid 
iarly found in the tapetal tissue surrounding the method for ascertaining chromosome number and 
pollen mother cells. Cooper ( 1933 ) observed tetra- demonstrated the pairing relationships of homolo- 
ploid and octoploid nuclei occasionally in the tapetal gous chromosomes at Metaphase I and the mor- 
eelis of certain angiospermous species. pliology of the chromosomes of the haploid com- 

The cytological characteristics of certain genera plement at Metaphase II, However, routine exami- 
and species made them especially favorable for ex- nations of mitotic metaphases in rapidly-proliferat- 
amination. The pollen mother cells of Lobelia Car - ing somatic tissue, preferably in root tips, yielded 
dinalis L. subsp. Cardinalis McVaugh proved to be much more information on chromosome morphology 
the best material for meiotic stages. The anthers (compare fig. 13 with fig. 14 , and fig, 164 with fig. 
could be smeared well; large numbers of pollen 165 ). Darlington ( 1937 , see p. 71 ) has emphasized 
mother cells in each anther were at the same stage the value of the examination of meiotic stages when 
of meiosis ; and the chromosomes of the metaphase detailed information on the composition of the ehro- 
I plates were large enough and well separated so mosome complement is required, 
that the bivalents could be counted at relatively Chromosome size is known to vary between indi- 
low magnifications. The inflorescence was a spike, viduals in a population of the same species, as well 
and, with experience in smearing, a particular as between larger taxonomic units. Darlington 
flower could be selected from the spike for a stage ( 1937 ) has discussed the problem of chromosome- 
of meiosis desired at definite times during the dgy, size differences in sister cells, individuals, and 
The best mitotic metaphase material was found in races, and in larger units. During this survey, it 
root tips of species of Annonaceae, and in species was noted that chromosome size varied In different 
of Sisyrinchium, Helianthemum, Hydrophyllum, tissues and organs. The largest somatic chromo- 
Jasminum, Passi flora, and Tamarix. Several genera somes and the largest metaphase plates for an indi- 
and families which require cyto-taxonomie investi- vidual plant were observed in the largest cells in 
gation and which would be suitable for detailed the root tips while the smallest chromosomes were 
cytological examination were noted, namely: the observed in somatic cells in young flower buds in 
genera Lobelia, Opuntia, Sassafras, Sisyrinchium, which cell size was correspondingly smaller. The 

derm cordate L. var. angmtifolia Torr., Metaphase I, n = 8. — Fig. 105. Pontederia cordate L. vnr. angustifolia Torn, 
in lf>, — Fig. 166. Ileteranthern dubia (Jacq.) MacM., in = 30. — Fig. 167-173. Rhamnaceae.— Fig. 167. Oeanothus 
mmricanm L., Metaphase I, n = 12. — Fig. 108* Omnothm arborms Greene., 2n = 24. — Fig. 169, Rhamus calif arnica 
Ksehsoh., 2n = 24. — Fig. 170. Rhamnus utilis Dene,, 2n = 24.— Fig. 171. Sager etia theezam Brongn., 2n = 24.-™ 
Fig. 172. Zhyphus Jujuba Mill., Metaphase I, n = 12,— -Fig. 173, Zhyphus Jujuha Mill. var. inermU (Bge.) Rehd., 
Metaphase I, n = 12. — Fig. 174, 175. Rosaeeae. — Fig. 174. Quillaja brasiliensis Mart, 2n = 34. — Fig. 175, Spiraea 
tomentom L., var. alba West, Metaphase II, n = 18. — Fig. 176-180. Rutaceae. — Fig. 176. Dictamnm a lb us L„, 
Metaphase I, n = 18.—Fig. 177. Kvodia Damellii ( Bonn. ) Herns!., Metaphase T, n = 36.— Fig. 178. Evodia fraxini- 
folia Hook, f., 2n = 72.— Fig. 179. Evodia hupehensis Dode., 2n 72. — Fig. 180. Zanthoxylum Claim- Her cutis L., 
2n ca. 72. 
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Pig. 181-201' Fig. 187, 188, 189, 190, 198, 199, 203. Polar views of meiotic stages.-Other figures polar views o 
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cation X 3240.— Fig. 181, 182, 183. Sahcaceae.— Fig. 181. 8aKx Humboldtiana Willd., 2n = 38.— Fig. 182. Bali 
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mitotic metapliases of root-tip material in the ac- cally distinct from six other genera of the Bignonia- 

eompanving figures were drawn from the largest ceae. In these two instances, the eytological differ- 

cells in the periblem region in the most mitotieallv- ences were correlated with differences in plant mor- 

active zone with the exception of figure 76 which phology and habit. In the Cistaceae, plants of Hell- 

was a metaphase in an inner periblem cell. In most anthemum canum Boiss. had a different chromosome 

cases root tips from small seedlings were inferior number (2n == 22) from the other diploid species 

to root tips from large well-developed seedlings of Helianihemum (2n = 20) which were examined ; 

since cell size was smaller and the chromosomes and plants of II. canum Boiss. were morphological- 

were not as well spread out on the metaphase plates. ly distinct, slower growing, and less vigorous, corn- 

These observations emphasize the need for a de- pared with the other species examined, 

tailed study of chromosome-size variation in dif- Intraspecific chromosome-number variation. — 
ferent tissues and organs of individual plants. Sev- During this investigation diploid and tetraploid 
era! species should be examined but particularly a races were found in two collections of Opuntia com - 
species such as C re pis capillaris which has a dis- press a Maebride. Steiner (1944) reported 2n = 48 
tinctive chromosome complement. An examination in two collections of Talinum teretifolium Pursh., 
of individual haploid, diploid, and tetraploid plants and 2n ~ 24 in one collection; Bowden (present 
would provide conclusive evidence of chromosome- account) found 2n == 48 in one collection, 
size variation in different tissues and organs of a Love and Love (1942) stated that intraspecific 
plant. polyploidy was known in only 7 per cent of Scandi- 

81 ides of aceto-carmine smears of pollen mother navian species. Nawashin (1926) analyzed 4,000 
cells usually contained from fifty to several bun- plants of Cre.pis tectorum (n == 4) as summarized 
dred pollen mother cells with metaphase plates. in table 8, Darlington (1937), Normal individuals 
Slides with stained serial sections of root tips had numbered 3,957 plants (98.9 per cent of the total) ; 
from twenty-five to several hundred metaphase thirty-nine were numerical variants, including five 
plates per slide. The time required to make an tetraploids; and four were structural variants. Of 
aceto-carmine smear is short, and this method is 2,000 plants of C re pis capillaris (n = 3), eleven 
especially useful when rapid routine chromosome plants were triploid, while 1,989 (99,45 per cent of 
counts are desired, and flowering material is avail- the total) were normal individuals. Numerous ex- 
able. Many investigators object to the use of the amples of intraspecific polyploidy were listed by 
paraffin-sectioning technique since it is a long tedi- Darlington (1937) in table 37, 
ous process. This investigator has found that, when Granick (1944) listed a series of chromosome 
large numbers of fixations are being uniformly numbers determined for plants of Agave americana, 
treated, the process becomes routine and many col- namely: 2n =' 20, 60, 118, 119, 120, 180, and 226. 
lections can be handled in satisfactory time. The Giles (1942) examined fifty-nine field collections 
resultant slides with serial sections and abundant of Cuthhertia graminea Small, and found that 
metaphase plates with well -stained chromosomes twelve collections were diploid (2x), with one tri- 
have justified the use of the paraffin-sectioning ploid (3x) plant present in one collection; forty- 
method, The use of Webber’s modification of Nawa- six collections were tetraploid (4x) with one hexa- 
shin’s fixative is advantageous since material can ploid (6x) and two aneuploids (4x + 1) among the 
he fixed, washed after twenty-four hours or after collections ; and one collection was hexaploid. Bald- 
a longer time if necessary, and stored in 70 per cent win and Culp (1941) demonstrated that there were 
alcohol until required. two different chromosome races of Diospyros vir- 

Cyto-taxonomic notes. — During this survey nu- giniana L. Seven collections had 2n = 60 while 
merous examples of eytotaxonomie relationships seventeen collections had 2n = 90. Baldwin (1941) 
were observed and the accompanying figures are studied 117 collections of Galax aphylla. Eighty 
useful for this purpose. Sometimes cytology can collections were diploid, 2n = 12; thirty-seven col- 
sol ve or confirm a taxonomic identification. In the lections were tetraploid, 2n rr 24. Of seventy -one 
Apocynaceae, Lochnera rosea (L.) Reichb. proved collections of Sedum iernatum Michx., Baldwin 
to he cytologically distinct from four species of the (1942a) reported that eleven collections were di- 
genus Vinca . The genus Incarvillea was cytologi- ploid (2n = 16), fifty-seven collections were tetra- 

Bonplandiana II. B. and K., 2n = 42. — Fig. 183. Ball® babylonica L., 2n = 76*. — Fig, 184, 185, 186. Sapindaeeae. — 
Fig. 184. ('ardiospermum Halicacabum L„ 2n = 22. — Fig. 185. Koelreuteria formomna Hayata., 2n = 22. ~ Fig. 186, 
Koetreuteria paniculate Laxm., 2n = 22. — Fig. 187-193. Tamarieaeeae.— Fig. 187. Tamar lx gallica L., Metaphase I, 
n = 12. — Fig. 188. Tamar is hispida Wilkl., Metaphase I, n = 12. — Fig. 189. Tamarix odes Sana Stev., Metaphase I, n ss 
12.- Fig. 190. Tamarix parvi flora DC., Metaphase I, n = 12. — Fig. 191. Tamarix parviflora DC., 2n ss 24. Fig. 192. 
Tamarix pentandm Pall., 2n = 24. — Fig. 193, Tamarix aphylla (L.) Karst., 2n = 24, — Fig. 194-197. Uhnaeeae.- 
Fig. 194. Celt is laevigata Wilkl., 2n = 20. — Fig. 195. Celtis occidentals L., 2n = 20. — Fig. 196. Celt is sinensis Pers., 
2a s= 20.— Fig. 197. Celtis australis L„ 2n = 40. — Fig. 198, 199. Umbelliferae. — Fig. 198. Eryngium mantimum L., 
Metaphase II, n = 8. — Fig. 199. Erynigium aquatxcum L., Metaphase I, n = 48. — Fig. 200-204. Verhenaeeae. — Fig. 
200 . Clerodendron specie sissimum Van Beert., 2n = 48. — Fig. 201. Clerodendron Thomsoniae Balfour, var. dt tectum 
Hurt., 2n = ca. 48.— Fig. 202, Clerodendron Kaempferi (Jac<|.) Sieb., 2n = 60. — Fig. 203. Clerodendron trichotomum 
Thumb*, Metaphase I, n = ca. 46.— Fig. 204. Clerodendron Bungei Stead., 2n = 108, 
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plaid (2n = 32), two collections were triploid (2n 
24), and one collection was hexaploid (2n = 
48). Stebbins and Kodani (1944) have reported 
much variation in the chromosome numbers of plants 
in populations of guayule and mariola. 

Variation in chromosome number has not been 
observed in some species which have been studied 
extensively. Baldwin (1942b) examined specimens 
of Oxydendrum arhoreum from thirty-one field sta- 
tions and all were diploid, n = 12 and 2n = 24. 

It is important to consider the possible variability 
of chromosome number in a population of a species 
when different chromosome numbers are reported 
for the same species, rather than to assume that a 
determination is incorrect. 

Differences in chromosome-number reports. — Of 
the 181 species examined during this survey, the 
chromosome numbers of 185 species (75 per cent 
of the total) have not been previously reported by 
other investigators. Former counts and the present 
determinations agree for twenty-seven species (59 
per cent of the species examined by more than one 
investigator). In addition there are eight species 
for which the same chromosome numbers have been 
observed by the present and one or more previous 
investigators, but for which there are one or more 
previous accounts which report different chromo- 
some numbers. The majority report for these eight 
species confirms the present determinations but does 
not necessarily mean that the previously reported 
counts which are not in agreement, are incorrect, 
since there are many reasons why different chro- 
mosome numbers can be found in different indi- 
viduals of the same species. Thus, the same chro- 
mosome numbers have been determined for a total 
of thirty-five species or 76 per cent of the forty-six 
species which have been examined by both the pres- 
ent and previous investigators. 

Different chromosome numbers reported for spe- 
cies examined by three or more investigators. — The 
same chromosome number has been reported inde- 
pendently by two or more accounts including the 
present, for seven species for which one former 
investigator has reported a different chromosome 
number. Widely divergent chromosome numbers 
have been reported by one investigator each for 
Manfreda virginica (L.) Salisb., Vinca minor L., 
Vinca major L., Manikot palmata (Veil.) Pax., and 
Zizyphus Jujuba Mill. Chromosome numbers which 
varied by only a small number of chromosomes have 
been reported for two species, Campsis grandi flora 
(Thunb.) Loisel., and Hydrophyllum canadense 
.L. 'In plants of Chehdonium- majus L., four investi- 
gators, including the present, found n = 6; while 
two reports listed n == 8, and 2n = 10. The valid- 
ity of the majority reports is supported by ehro- 
mosome-mnnher data listed by several investiga- 
tors for related species, e.g., in Hydrophyllum 
Vinca , Campsis , and ManihoL It is not possible to 
explain the divergent counts in all cases. Some 
counts have probably been incorrect; some of the 
taxonomic identifications may have been incorrect. 


or other taxonomic species may have been exam- 
ined; or individuals may exist in some of these spe- 
cies with different chromosome numbers. 

Different chromosome numbers reported by the 
present account and one previous investigator . — 
The present paper reports chromosome numbers 
which differ from those reported by former investi- 
gators for eleven species. Widely divergent counts 
are reported for five species, Arisaema triphyllum 
(L.) Schott., Helianthemum alpestre (Jacq.) Dun., 
Cordyline australis Hook, f., Anthericum Liliago 
L., and Koelreuteria paniculata Laxm. Slightly dif- 
ferent chromosome numbers are reported for six 
species, i.e., Ruellia tuber osa L., Periploca graeca 
L., Begonia Evansiana Andr., and Incarvillea 
grandi flora Bur. and Franch., Anthericum Lili- 
astrum L. var. major Hort., and Cocculus trilohus 
(Thunb.) DC. The present determinations of these 
eleven species are supported by cytological data for 
related species and genera. 

Reasons for different chromosome-number re- 
ports for the same species. — Assuming that the 
counts of one investigator are incorrect, any of the 
following causes may explain different chromosome 
number reports for a species. (1) The chromosome 
configurations may have been misinterpreted, as 
can sometimes be ascertained by an examination of 
the original drawings, e.g., Arisaema triphyllum 
(L.) Schott. (2) The material may have been poor- 
ly fixed or poorly stained so that chromosome 
structure was difficult to see clearly. (3) In the 
mitotic metaphases of some species, there are one 
or more smaller pairs of chromosomes. If these are 
not observed carefully, a lower chromosome num- 
ber may be reported. The chromosome comple- 
ments of Asimina triloba (L.) Dunal. (fig. 14) and 
Ponte deria cor data L. var. angustifolia Torr. (fig. 
165) required special attention because of the 
smaller pairs of chromosomes. (4) In some cases, 
secondary constrictions and satellites are present 
and unless these are interpreted correctly, a higher 
chromosome number may be reported. (5) At meta- 
phase I, univalents are formed in a percentage of 
the pollen mother cells of certain hybrid material, 
or in material subjected to unusual environmental 
conditions such as sudden temperature change, and 
unless correctly interpreted, a higher chromosome 
number might be reported. (6) Multivalents are 
sometimes present at metaphase I ; and unless rec- 
ognized, a lower chromosome number might be 
listed. 

Assuming, on the other hand, that both of the 
conflicting chromosome number determinations are 
correct, the following causal factors may be in- 
volved in the existence of two chromosome numbers 
for the same species, (l) The examples of variation 
of chromosome numbers in a population of a species 
mentioned earlier emphasize the fact that intraspe- 
cific chromosome-number variation may occur. (2) 
Polyploid species may contain numerous individuals 
with different chromosome numbers due to the forma- 
tion by certain polyploid plants of gametes with dif- 
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ferent chromosome numbers (table *33, Darlington, 
1937), (3) The determinations may have been made 
on materials which belong to two different taxonomic 
species. It is not always possible to determine from 
the literature whether the same taxonomic species 
was investigated by a previous author. The diver- 
gent counts noted for Cordyline australis Hook. f. 
and Helianthemum alpestre (Jacq.) Dun. are prob- 
ably both correct, but the plants examined by the 
different investigators may belong to different tax- 
onomic species. (4) The chromosome numbers of 
plants in cultivated populations may vary from those 
in wild populations, since survival value for the 
progeny may be markedly different. There is often 
unusual opportunity for inter- and intra-specific 
hybridization under cultivation, especially in bo- 
tanical garden collections where groups of species 
are planted together for demonstration purposes. 
(5) Under the influence of changes in the environ- 
ment, both in the field and under cultivation, un- 
usual environmental conditions may cause the for- 
mation of gametes with numerical changes in the 
chromosome complement, and individuals with dif- 
ferent chromosome numbers may be developed. 

SUMMARY 

Cytologieal examinations were made of 222 col- 
lections of 179 species of angiosperms, and two col- 
lections of two species of gymposperms. These were 
distributed in eighty genera in forty-eight families. 
Data for each collection included: Blandy Experi- 
mental Farm accession number, figure number of 
drawing of the chromosome complement, taxonomic 
identification, source of material, chromosome num- 


ber determined during this investigation, and chro- 
mosome number determined by previous Investi- 
gators. 

The chromosome complements of 177 angio- 
spermous species and one gymnospermous species 
are figured by 204 camera-lucida drawings. There 
are 163 drawings of mitotic metaphases of 147 spe- 
cies; and forty-one drawings of meiotie stages (usu- 
ally metaphase I) of thirty -seven species. 

Stained serial sections of root tips are preferred 
by this investigator for routine studies of the chro- 
mosome complement when data on both chromo- 
some number and morphology are required. 

Of the 181 species examined during this investi- 
gation, the chromosome numbers of 135 species (75 
per cent) have not been previously reported by 
other investigators. Previous chromosome-number 
reports have been listed for forty-six species. 

The present report agrees with that of one or 
more previous investigators in respect to chromo- 
some number of twenty-seven species. It differs 
from one previous report but agrees with one or more 
previous reports for each of seven species; and it 
differs from two previous reports but agrees with 
three former accounts in the case of one species. 
There is majority agreement for thirty-five species 
or 76 per cent of the forty-six species examined by 
present and previous investigators. The present list 
reports a different chromosome number from that 
listed by one previous report for each of eleven spe- 
cies. The reasons for different chromosome-number 
reports for the same species are briefly discussed, 

MeM aster University, 

Hamilton, Ontario, Canada 


LITERATURE CITED 


Baldwin, J. T., Jr. 1941. Galax: The genus and its 
chromosomes. Jour. Heredity 32; 249-254. 

— — , 1942a. Polyploidy in Sedum ternatum II. Cy- 
togeography. Amer. Jour. Bot. 29: 283-286. 

— — , 1942b. Cvtogeography of Oxydendrum arbo - 

reum. Bull. Torrey Bot. Club 69: 134-136. 

, and Richard Culp, 1941. Polyploidy in Dio- 

spyr os virginiana L. Amer, Jour. Bot. 28:942-944. 
Bowden, Wray M. 1945. A list of chromosome num- 
bers in higher plants, I. Aeanthaceae to Myrtaceae. 
Amer. Jour. Bot. 32:81-92. 

Ciiiarugi, A. 1925, Embriologia delle Cistaceae. Nuov. 

Giorn. Bot. Ital. N.S. 32:223-314. 

Cooper, D. C. 1933. Nuclear divisions in the tapetal 
■ cells of certain angiosperms. Amer. Jour. Bot. 20: 
358-364. 

Darlington, C. I). 1937. Recent advances in cytology. 

2d. ed. Philadelphia. 


Ervin, Clyde D. 1941. A study of polysomaty in 
Cueumis melo . Amer. Jour. Bot. 28:113-124, 

Giles, Norman H., Jr. 1942. A utopolyploidv and geo- 
graphical distribution in Cuthbertia grammm Small* 
Amer. Jour. Bot. 29:637-645. 

Granick, Elsa B. 1944. A karyosvstematic study of 
the genus Agave. Amer, Jour. Bot, 31 : 283-298. 

Love* Askell, and Doris Love. 1942. Chromosome num- 
bers of Scandinavian plant species. Bot. Notiser 
1942 (1): 19-59. 

Nawashin, M. 1926. Variabilitat des Zellkerns bei 
\Crepis- Arten in Bezug auf die' Artbildung, 'Zeitsehr. 
f. Zellforsch. u. mikr, Anat. 4: 171-215. 

Stebbxns, G. Ledyard, Jr., and Masco Kodani. 1944, 
. Chromosomal variation in guayule. and mariola. ' Jour, 
Heredity 35 : 163-172, 

Steiner, Erich. 1944. Cytogenetic studies on Tattnum 
and Portuluca. Bot. Gaz. 105:374-379. 




■ 

: : r 


s 


I 

1 


I 

•; 

I 

I 







SOME ADDITIONS TO THE GENUS DODONAEA L. (FAM. SAPINDACEAE) 1 

Earl Edward Sherff 


Dodoxaea sandwicensis sp. nov. — Nunc frutex 
2-3 m. altus mine arbor eirc. 4-6 m. alta, caule 
usque, ad 1.6 dm. erasso; ramis virgatis vel inter- 
nodiis abbreviate subflexuoso-tortuosis, inferne 
teretiuseulis superne plus rninusve angulatis, sub 
qooque folio costa elevata notatis, cortice rubro- 
fuseo subgriseove glanduloso ceterum glabro. Folia 
alterna bre viter vel moderate petiolata petiolo ple- 
rumque rnarginato et sub 1 cm. longo ; lamina ellip- 
tiea vel oblongo-lanceolata vel subrhomb oideo- 
lanceolata vel parce oblanceolata spathulatave,, 
apice rotundata obtusave (atque interdum emargi- 
nata) vel etiam acuta subacuminatave^ basim versus 
in petiolum angustata, margine plerumque subre- 
panda et interdum plus rninusve revoluta, membra- 
naeea vel supra subcoriacea, plerumque 4—8 cm. 
longa et 1-3 cm. lata (pro surculis sterilibus usque 
ad 1.5 dm. X 0 cm.), sicca subpallida ac vix sub- 
nitida, nervo mediano valido subtus prominente 
convexo, nervis lateralibus subtilibus numerosis 
parallele oblique patentibus, paucis glandulis ad- 
spersa ceterum glabra. Flores dioici (hermaphroditi 
non visi) in thyrsis terminalibus axiilaribusve stipi- 
tatis glabratis sub 5 cm. longis dispositi, longius- 
eule pedicellati; sepalis 4-6, plerumque lineari- 
lanceolatis vel oblongis, glabris vel margine spar- 
sim hispidulis, 1 -nervatis, 1-2 mm. longis, usque 
ad basim plerumque distinctis, in berbario rubro- 
atris. Flo rum masculinorum stamina circ. 9, anthe- 
ris circ. 2 nun. longis filamentis 0.5-0.7 mm. longis 
vel rarius absentibus; ovario rudimentario superne 
setuloso; femineorum ovario (sicco) viridi-sucino, 
viscido ceterum glabrato, nitido, breviter stipitato, 
2 stylis (siccis) atro-rubris, glabris, subtilibus, 5-9 
(rare -12) mm. longis, apice vel rarissime usque 
ad basim distinctis, plerumque persistentibus etiam 
maturo fructu. Fructus subsemper 2-loculatus ac 
2-alatus, alis sed non stylis inclusis usque ad 11 X 
1 1 mm. (rarissime 13 nun. longus et 18 mm. latus), 
omnino vinoso-ruber colore saepius in herbario 
persistente, glandulosus et interdum viscosus, aliter 
glabratus. Semen (normaliter unicum pro loculo) 
planum vel plano-convexum, ova turn, circ. 3 nun. 
longum. 

Now a shrub 2-3 m. tall, now a tree about 4-6 
in. tall, the trunk up to 1.6 dm, thick; branches vir- 
gate or with shortened internodes and then somewhat 
bent and twisted, somewhat terete below but more 
or less ungulate above, marked under each leaf with 
a raised rib; the hark reddish-brown or grayish, 
glandular but otherwise glabrous. Leaves alternate, 
shortly or moderately petiolate, petiole commonly 
margined and under 1 cm. long; blade elliptic or 
oblong-lanceolate or subrhoinboid-lanceolate or 
barely oblariceola'te or spatulate, at apex rounded 
or obtuse (and at times emarginate) or even acute 
or subacuminate, toward base narrowed into a 
1 Received for publication December 21 , 1944. 


petiole marginally as a rule subrepand and at times 
more or less revolute, membranaceous or on upper 
surface subcoriaceous, somewhat glandular but 
otherwise glabrous, commonly 4-8 cm. long and 1-3 
cm. wide (for sterile shoots up to 1.5 dm. X 6 cm.) 
in dry state subpallid and barely subglossy, the 
strong median nerve salient and convex beneath, 
the many delicate lateral nerves running parallel 
and spreading obliquely. Florets dioecious (herma- 
phroditic not observed), rather long-pedicellate, 
disposed in terminal or axillary thyrses, these 
stipitate, glabrate, under 5 cm. long; sepals 4-6, 
commonly linear-lanceolate or oblong, glabrous or 
at margin sparsely hispidulous, 1 -nerved, 1-2 mm. 
long, commonly distinct almost to base, reddish- 
black when dry. Stamens of male florets about 9, 
their anthers about 2 mm. long, the filaments 0.5- 
0.7 mm. long or more rarely absent; ovary rudi- 
mentary, setulose above. Ovary of female florets 
greenish-amber when dry, viscid but otherwise gla- 
brate, shining, shortly stipitate ; the 2 styles black- 
ish red (when dry), glabrous, delicate, 5-9 (rarely 
-12) mm. long, at apex or very rarely down to the 
base distinct, commonly persistent even on the ma- 
ture fruit. Capsules nearly always 2-loculate and 
2-alate, up to 11 X 1 1 mm. including the wings 
but not the styles, or very rarely 13 mm. long and 
18 mm. wide, entirely wine-red (the color more 
often persisting in the herbarium), glandular and 
at times viscid, otherwise glabrate. Seed (normally 
a single one to a locule) flat or flat-convex, ovate, 
about 3 mm. long. 

Specimens examined : 2 HAWAIIAN ISLS. — 
David Douglas 4 (Kew, 2 sheets) ; Gaudichaud 276 
(Voy. sur la Bonite), Aug., 1836 (Par.); William 
Hillebrand (Gray) ; Hillebrand 8? John M. Lyd- 
gate (Bish.) ; Horace Mann William T . Brigham 
719 (Bish.); United States Exploring Expedition 
under Capt. Wilkes , 1838-1842 (N.Y.; U.S.). 

ISL. KAUAI — Otto Degener Emilio Ordonez 
12,621, open forest, alt. 3,000 ft., Milolii Trail, 
Kokee, Jan. 3, 1940 (Berl., Brit., Calif., Chi., Del., 
Gray, Kew, Mo., N.Y., Par., Phila., U.S., etc.) ; 
XJrbain Faurie 276, Hanapepe, Dec., 1909 (Arn,, 

2 The following abbreviations are used for the deposi- 
tories cited in this paper: Arn., Arnold Arboretum, 
Jamaica Plain; Berl., Berlin Botanical Garden; Bish., 
Bernice P. Bishop Museum, Honolulu; Brit., British 
Museum of Natural History, South Kensington; Calif., 
University of California, Berkeley; Chi., Chicago Natural 
History Museum (formerly Field Museum of Natural 
History), Chicago; Corn., Cornell University, Ithaca; 
Del., Delessert Herbarium, Geneva; Goth., Arboretum 
(Botanical Garden) of Gothenburg; Gray, Gray Her- 
barium of Harvard University, Cambridge; Kew, Royal 
Botanical Gardens, Kew; Minn., University of Minne- 
sota, Minneapolis; Mo., Missouri Botanical Garden, St. 
Louis; N.Y., New York Botanical Garden; Par., Museum 
of Natural History, Paris; Phila., Academy of Natural 
Sciences, Philadelphia; U.S., United States National 
Museum, Washington, D. C. 
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Par.); F auric 277, alt. 1,000 rm, Waimea, Feb., 
1910 (Arm, Par.); Charles N. Forbes 2 79- A, 
Wahiawa Swamp, Aug., 1909 (Bish., Calif.) ; F. 
Raymond Fosherg 12,745, shrub 3 m. tall, in moist 
forest, Kanalo Huluhulu Ranger Station, Kokee, 
Jan. 1, 3 936 (Chi., etc.); Albert S. Hitchcock 
15.542, vicin. of Kahloluamanu, Oct. 26, 1916 
(U.S.); J- August Kusche 120, high plateau of 
Waimea, Halemanu to Koholuamanu, 1919 (Arn.); 
Miss Marie Neal, alt. 3,000-3,500 ft., Nualolo 
Trail, Aug. 14, 1936 (Bish.) ; Miss Neal, alt. 3,500- 
4,000 ft. Awaawapuhi Trail, Aug. 21, 1936 (Bish.) ; 
Joseph F. Rock 1,674, Halemanu, Feb. 14-26, 1909 
(Gray) ; Rock 1,675, same place and date (Bish., 
N.Y.) ; Rock 2,178, same place and date (N.Y.) ; 
Rock 17,106, Kaholuamanu, Oct., 1916 (Bish.); 
Harold St. John et alii 10,713, Na Pali-Kona For- 
est Reservation, Kokee, Waimea, Dec. 26, 1930 
(Bish., Calif.) ; iidem 10,998, shrub in thicket along 
ridge, alt. 1,200 ft., Hanakapiai, Napali coast, Jan. 
2, 1931 (Chi.); St. John $ F. R. Fosherg 13,749. 
tree 15 ft. tall, in open koa forest, alt. 2,000 ft.. 
Milolii ridge, Waimea, Dec. 27, 1933 (Bish.; Chi.) ; 
St. John Fosherg 13,772, shrub 8 ft. tall, in wet 
forest, alt. 3,200 ft., same place and date (Bish., 
Chi., etc.) ; Carl Skottsberg 994, near Kokee Sta- 
tion, Waimea, Oct. 28, 1922 (Bish., Goth.); Tru- 
man G. Yuncker 3,522, alt. 3,600 ft., near Forest 
Ranger's Station, Kokee, Jan, 20, 1933 (Yunck., 
U.S.). 

ISL. OAHU — Capt. Beechey (Kew); Degener 
31,155, in open woods, Wilhelmina Rise, Honolulu, 
Feb., 1923 (Chi., Gray); Degener 11,167, in rain- 
forest, Konahuanui above Pauoa Flats, Feb. 25, 
1928 (Berl., Calif., Chi., Del., Gray, Kew, Par.); 
Degener 11,183, in wet forest, east slope of Pali- 
kea, Oct. 23, 1932 (Berk, Calif., Chi., Gray, Kew, 
Minn., N.Y., Par., Phila., U.S.) ; Degener 11,188, 
near summit, Kanehoa, July 5, 1931 (Chi.); 

Degener K . K . Park 11,179, near forest, south- 
east side of Makua Valley near its head, Jan. 3, 
1932 (Berk, Chi.); Degener , Park, Takamoto, 4’ 
Topping 11,104, in rain-forest, C.C.C. Trail, Aiea, 
Feb. 16, 1936 (Berk, Chi., Kew, Par.); Degener 
4* Salucop 11,194, moderately dry fills, ridge north- 
riortheast of Kaala summit, Apr. 11, 1937 (Arn., 
Berk, Calif., Del., Gray, Kew, Minn., Mum, N.Y., 
Par., Phila., U.S.) ; Degener, Salucop, 4* Arlaniico 
1 1,530, in lower rain-forest, Aiea Ridge, Dec. 6, 
1937 (Berk, Brit., Calif., Chi,, Del., Gray, Kew, 
Minn., Mum, N.Y., Par,, Phila., U.S., etc.) ; C . N. 
Forbes, ridge west of Kalihi, Oct, 3, 1908 (Bish., 
Calif., Mo.) ; Forbes, Palolo Valley ridges, Nov, 7, 
1908 (Bish.) ; Forbes, “forest form/' slopes of 
Kaala, Mokuleia, Apr. 26-May 16, 1912 (Bish,, 
Chi., Mo., etc.); Forbes (With Dean Lake) 
1,975-0, Waimano Ridge, Oct. 27—30, 1914 

(Bish.); Forbes 4* Rock, Palolo Valley, Nov. 7, 
1908 (Chi., Mo., U.S.) ; F. R. Fosberg 8,960, bush 
2.5 rm tall, in wet forest, alt. 690 m., peak at head 
of Pauoa Flats, Oct. 30, 1932 (Chi., etc.) ; Fosberg 
9,108, shrub 3 in. tall, in dry forest, alt. 750 m., 


east slope of Puu Kaala, Waianaeuka, Jam 8, 1933 
(Chi., etc.); Fosherg 10,835, slender tree 5 rm tall, 
in moist forest, alt. 750 rm, Puu Kawiwi-Puu Kaala 
ridge, Makaha-Waianae Kai, Mar. 31, 1935 (Chi.) ; 
D. Wesley Garber 121, Konahuanui Trail near 
Pauoa, Jam 4, 1920 (Bish.); Garber 131, Mt. 
Konahuanui Trail above Pauoa, same date (Bish.) ; 
Charles Guadichaud, Voy. sur la Bonite (Gray) ; 
William H ill e brand 144, Nuuanu (Kew) ; E . P. 
Hume 211, tall shrub, alt. 1,200 ft., on wooded 
ridge, Puu Peahinaia, Oct. 4, 1931 (Bish.); Ray- 
mond Inafuku, dry ridge, alt. 1,800 ft., Opaeula 
Gulch, Paalaa, Nov. 9, 1930 (Bish.); Noel H. 
Krauss, alt. 1,200—1,400 ft., Manoa-Palolo ridge, 
Nov. 19, 1933 (Bish., Chi.) ; Kazuto Nitta (O. De- 
gener distrib. no.) 11,174, alt. 1,500 ft, Kipapa, 
Nov. 10, 1929 (Chi.) ; A. M. Octavio , Kipapa, Nov. 
26, 1929 (Bish.) ; Jules Re my 567, exact locality 
not stated, 1851-1855 (type, Par.); Olof II. Sell- 
ing 3,656, east side of Waianae Mts., Sept. 25, 
1938 (Goth.); Carl Skottsberg 266, alt. about 700 
in., Palehua etc., Waianae Range, Aug. 25, 1922 
(Bish., Goth.); Skottsberg 919, Palolo Valley, 
Koolau Range, Oct. 25, 1922 (Goth.); Harold St. 
John 10,032, shrub, alt. 1,200 ft, on wooded slope, 
south ridge of Kipapa Gulch, Waipio, Nov. 10, 1929 
(Bish., Chi.); St. John 10,640, tree 20 ft. tall, on 
wooded ridge, alt. 1,800 ft, South Opaeula Gulch, 
Paalaa, Nov. 9, 1930 (Bish.) ; St. John 13,323, tree 
20 ft. tall, trunk diam. 6 in., alt. 1,500 ft., in lower 
woods, ridge south of South Opaeula Gulch, Paalaa, 
Sept. 24, 1933 (Bish., Chi,, etc.); D. LeRoy Top- 
ping 3,268, Mt Olympus, Nov. 25, 1925 (Calif., 

N.Y.)* 

ISL. MOLOKAI. — F. R. Fosberg 13,403, tree 5 
M. tall, edge of moist forest, alt. 600 rm, Manawai- 
Kahananui ridge, Dec. 24, 1936 (Chi., etc.) ; H. St. 
John 4* F. R. Fosberg 12,866, tree 18 ft. tall, in 
rain-forest, alt 2,400 ft., trail on ridge east of 
Mapulehu Valley, Dec. 29, 1932 (Bish., Chi., etc.). 

WEST AND EAST MAUI. — E. H. Bryan, Jr., 
653, tree 4 m. tall, trunk diam. 10 cm., in lower 
forest, alt 3,000 ft, Haelaau, native name aalii, 
Dec. 21, 1928 (Bish.) ; C. N. Forbes 47 6-M, Hono- 
kahau Drainage Basin, Sept 25-Oet. 17, 1917 
(Bish., Chi., etc.); Forbes 481 -M, same place and 
date (Bish., Chi.) ; A. S. Hitchcock 14,802, alt up 
to 5,000 ft., Puu Kukui, Sept 24-26, 1916 (U.S.) ; 
II. Mann 4' Wm. T. Brigham 410, West Maui (Chi., 
Mo.) ; Emilio Ordonez (O. Degener distrib. no.) 
12,920, Waihee, Sept 15, 1940 (Berk, Chi., Del, 
Kew, N.Y., Par., U.S.); J. F. Rock. 8,614, tree 
15-20 ft tall, alt. 2,600-3,000 ft., in lower forest 
of Makawao, Oct. 18, 1910 (Chi., Gray, etc.). 

ISL. HAWAII. — Otto Kuntze 23,064, alt. 1,100 
rm, June, 1904 (N.Y,). 

This species has been confused with Dodonaea 
viscosa Jacq. In leaf-outline it sometimes faintly 
suggests var. vulgaris f. re panda (Sebum. & 
Thonm) Radik, of that species, especially if the 
abnormally large leaves of sterile branches be ex- 
amined. D. sandwicensis is rather easily separated 
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from the numerous previously described forms of 
I), viscosa, however, in having usually darker, also 
narrower and more distinct sepals ; flowers seem- 
ingly always dioecious, not often hermaphroditic; 
the styles consistently two only, elongate and deli- 
cate, and more commonly persistent on the ripe 
capsules; fruits regularly 2-celled and 2-winged 
and usually retaining their red or claret color even 
after drying, not commonly 3-celled and 3-winged 
and commonly turning stramineous or brownish on 
drying. 

Asa Gray (Bet. U. S. Explor. Exped. 1:261. 
1851) was perhaps the flrst to publish about this 
species, although he made no attempt to separate it 
from D. vis com. He wrote: at the latter 

locality [Le„ Honolulu, Isl. Oahu] also the (prob- 
ably abnormal) form with elongated styles, some 
of them 5 or 6 lines in length! Similar specimens 
were gathered at Oahu by Gaudichaud in the Voy- 
age of the Bonite.” The elongate styles are now 
seen to be entirely normal for this species and to 
afford a rather striking diagnostic character. In 
young, numerously flowered, pistillate inflorescences 
they may even suggest tufts or locks of hair. 

In foliage D. sandwicensis resembles occasion- 
ally D» viscosa var. vulgaris f. Burmanniana (DC.) 
Radik, and the latter’s counterpart in the Hawaiian 
flora, described below (see p. 209) as Dodonaea 
eriocarpa var . glahrescens . 

Dodonaea sandwicensis simulans var. nov. — 
Folia clliptico-spathulata vel -lanceolata, pallida, 
a pice obtusa vel suhaeuta, saepius 3-5.5 cm. longa 
et 1-1.6 cm. lata, venis inferne manifestos. Fructus 
bialati, parvi, alis inelusis tantum 8-11 mm. lati et 
6-8 mm. alti, sicci subbrunnei (forsitan capsula 
rubido-brunnea), extus interdum obsolete setulosi, 
stylo brevissimo vel absent!. 

Leaves elliptic-spatulate or -lanceolate, pale, api- 
cally obtuse or subacute, more often 3-5.5 cm. long 
and 1-1.6 cm. wide, veins conspicuous beneath. 
Fruits 2-winged, small, wings included only 8-11 
mm, wide and 6-8 mm. tall, brownish when dry (or 
the capsule perhaps reddish-brown) , sometimes ob- 
soletely setulose on surface, style very short or 
lacking. 

Specimens examined: Harold St. John et alii 
12,538, alt. 2,200 ft., Maunahui, Kaunakakai, IsL 
Molokai, Dec. 24, 1932 (type, Yunek.). 

In its veiny leaves and 2-celled capsules and con- 
sequently 2-winged fruits, this variety suggests a 
small-leaved form of I). sandwicensis proper. How- 
ever. its fruits do not exhibit the bright red color 
characteristic for fruits of I), sandwicensis, they 
art:: smaller, and they do not have long styles. They 
suggest in their diminutive size certain forms of 
D. vis cos a Jacq. found in Florida of the United 
States, but are distinctive in the evident constancy 
of their 2-winged character. 3 A few of the 26 fruits 

z One Florida form of 1). viscosa, separated some years 
ago as /). micro can/a Small (Torreya 25:39. 1925) has 
small, 2-winged and 3- winged fruits, 


found on the type have a few simple hairs sparsely 
placed (disregarding certain stellately clustered 
hyphal branches of some fungus observed in a few 
small areas), but these hairs will hardly suggest 
the larger-fruited D. eriocarpa . 

Dodonaea eriocarpa Smith in Rees Cyclop. 12: 
Dodonaea no. 6. 1809; Dodonaea eriocarpa typica 
var. nov. — Shrub, much branched, dioecious or at 
least in some of the varieties polygamous with 
staminate, pistillate, and hermaphrodite or perfect 
flowers on same plant; branchlets pubescent with 
short, stiff, slender, spreading, mostly simple hairs. 
Leaves narrowly to widely elliptic-lanceolate or 
-oblong or -oblanceolate, apically acuminate, basal- 
ly narrowed into a short (± 1 cm.), supernally 
narrow-margined, hairy petiole; blade 2-4.5 (or 
even -8.5) cm. long and usually 8-18 mm. broad, 
short-hairy (often densely so at the minutely revo- 
lute slightly wavy but otherwise entire edges and 
on veins, particularly underneath), the hairs fre- 
quently branched at base as also on the petiole; 
upper surface of blade at least when dry appearing 
more or less coriaceous and irregularly viscid-glos- 
sy. Pistillate flowers (neither staminate nor herma- 
phrodite seen for var. typica ) in panicles at ends 
of branchlets, pubescent. Sepals 5, narrowly ovate 
or rarely oblong-elliptic, apically somewhat acute, 
more or less bristly, later spreading or reflexed, 
about 1.5-2 mm. long. Pedicel filiform, ± 5 mm. 
long. Ovary 1 mm. tall and subglobose or presently 
2 mm. tall and 4-ridged, very shortly stipitate, 
densely pubescent with hairs mostly branched at 
base and more or less stellate. Style slender, 2-5 
mm. long, glabrate, twisted, with four unequal, sub- 
erect, linear stigmata. Capsule turgid, 5-7 mm. tall, 
more or less appressed-pubescent and glandular- 
punctulate, 4- or sometimes 3-winged; the glisten- 
ing, purplish wings more or less glandular-punctu- 
late, up to 16 mm. long and 5 mm. broad, pubescent 
on their faces and especially so on their margin, 
leaving when flattened in pressing a basal sinus 
± 2 mm. deep and an apical sinus dt 4 mm. deep. 
Seeds flattish-ovoid, about 1 mm. across. 

Specimens examined: ISL. MOLOKAI. — Joseph 
F. Rock 6,169, plant about 6 feet tall, in company 
with Acacia koaia on dry, open slopes below Ma- 
puloa, half-way between Kamoku and Kaunakakai, 
southeastern Molokai, Mar. 22, 1910 (Bish., Chi., 
Gray). 

ISL. HAWAII. — Lucy M. Cranwell, O. Selling, 
4* C. Skottsherg 3,204, on lava, along road near 
Huehue, North Kona, Sept. 11, 1938 (Goth.); 
Alfred Meebold ( Otto Degener distrih. no.) 11,182, 
Huehue, North Kona (Chi., Deg.) ; Archibald 
Menmes, alt. 6,000 feet, “Hawaiian Isis.” hut 
doubtless from Hawaii (type collection, Kew) ; 
Jules Remy 570, Hawaii, 1851-1855 (Gray, N.Y., 
Par.); Shea Sf Stevens , North Kona, Jan., 1928 
(Bish.). 

The cosmopolitan species Dodonaea viscosa Jacq. 
is so highly polymorphic that it has been suspected 
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of including the principally Hawaiian D. eriocarpa 
described long ago by Sir James E. Smith. Ben- 
thanu at the conclusion of an extended study of 
Dodonaea (FI. Austral. 1:472. 1863) clearly had 
I). eriocarpa in mind when he mentioned “possibly 
one distinct Sandwich Island species.” However, 
Hillebrand (FI. Haw. Isis. 88. 1888) recognized 
I), eriocarpa as tfalid and retained it. We may note, 
too, that Radlkofer, in his classical study of Dodo- 
naea vis cos a Jacq. (Mart. FI. Brasil. 13 m : 643. 
1900), accepted a reduction to D. viscosa, by Ben- 
tham, of D. spatulata Smith but entirely omitted 
1). eriocarpa, thus impliedly recognizing the latter 
as valid. 

Several years ago I made a study of much Ha- 
waiian material of Dodonaea and described, in 
manuscript, various varieties and forms of D. erio- 
carpa. These have been withheld until a compara- 
tive study of many hundreds of specimens of D. 
viscosa from all quarters of the globe could be un- 
dertaken. This w r as recently done, thanks to the 
aid received in the lending of materials from vari- 
ous institutions. My conclusion that D. eriocarpa 
Smith is a valid species, known only from the 
Hawaiian Islands (where represented by several 
subordinate entities as well as by its var. typica ), 
from Java, and from the Galapagos Islands is em- 
phatic. It is true that D. viscosa exhibits certain 
forms elsewhere that simulate D . eriocarpa in one or 
another special characters, but the several combina- 
tions of characters as shown especially well in varie- 
ties or forms of D. eriocarpa in the Hawaiian Islands 
are not found. 

Hillebrand ( loc . cit .) seems to have been un- 
familiar with many of these varieties and forms of 
D. eriocarpa and, in the absence of precise knowl- 
edge of the type itself, to have treated as mere 
variants of the species proper the several varieties 
that he himself had collected. 

Fortunately, I have before me a specimen of the 
original material collected by Menzies, whose col- 
lection was cited by Smith in Rees’ Cyclopedia as 
the type basis for his D. eriocarpa . Only the above 
few specimens cited for var. typica match it. Nu- 
merous other specimens of D. eriocarpa had been 
labeled to the species in herbaria but these and 
certain additional ones are seen on further study to 
fall into fifteen additional, fairly well marked varie- 
ties. These are treated below. My foregoing de- 
scription of the species proper, i.e., var. typica, has 
been drawn in part perforce from the supplemen- 
" tary specimens cited, since the small Menzies 
branch is inadequately representative. It has ova- 
ries but no mature fruits; and, as remarked origi- 
nally by Smith himself, no anthers are present. 
Indeed, on none of the specimens examined for 
var. typica have stamens been observed and it may 
prove to be, as assumed by Smith, that the plants 
of var. typica are dioecious. 


Key to Various Elements of Dodonaea Eriocarpa m 
Here Presented 4 

a. Leaf-blades often 4-10 (or even -15) cm. long and 
2-4,5 cm. broad, hispidulous beneath or at base 

b. Leaf-blades hispidulous beneath, fruiting clusters 
dense, often subglobose, plant native to southern 
Hawaii and perhaps to West Maui 

■ var. r) Hosakarta 

b. Leaf-blades hispidulous at base, fruiting clusters 
loose and elongate, plant native of Java 

var. o Waitziana 

a. Leaf-blades shorter or narrower, or if not, then gla- 
brate 

b. Leaf-blades mostly oblanceolate to obovate or even 
broadly oblong 

c. Leaf-blades distally (except for extreme apex) 
more often obtuse, rounded, or subtruncate, in- 
frequently subacute 

d. Fruits more often 2-winged; plant native of 
southeastern Molokai. ......... .var, X pallida 

d. Fruits mostly 3- or 4-winged ; plants not known 
from Molokai 

e. Leaves very thin, drying dark purplish-green, 
fruits large, ± 2.5 cm. long and wide; plant 

native of Lanai .var. 0 ohlonga 

e. Leaves otherwise, fruits smaller 
/. Leaves small, blade commonly 2-3.5 cm. 
long and 1.3-2 cm. wide, fruits small, 
about 7-10 mm. wide (including wings) ; 
plant native of Lanai. . . .var. f l ana ie ns is 
/. Leaves and fruits larger 

y. Leaves and fruits more or less conspicu- 
ously pubescent 

var. e obtusior and f. gala pay ensis 

g. Leaves and fruits mostly glabrate or 
weakly pubescent 

var. i Degeneri and f. decipwm 

c. Leaf-blades distally more often narrowed, from 
subacute to acuminate 

d. Fruits large, capsule proper ± 1.5 cm. long and 
± 1.2 cm. wide; plant native of Hawaii 

var. 7 Forbesii 

d. Fruits smaller or at least with smaller capsules 

e. Fruits more often 2 -winged; plant native of 
southeastern Molokai 

var. X pallida f. acuminat-ula 
e. Fruits infrequently 2 - winged 
/. Leaves more often glossy, chiefly some- 
what elliptic-lanceolate; ovaries weakly or 

sparsely hispidulous var. k glabrescens 

/. Leaves mostly lacking gloss, chiefly more 
dilated above middle; ovaries moderately 
to strongly hispidulous 
g. Fruits very pubescent ; styles very slender 
and 7-8 mm, long; plant native of Kauai, 
Oahu, and apparently Lanai 

var. 5 teal mean a 
g. Fruits weakly to moderately pubescent, 

. ■ styles ■ shorter and : stouter \ ; 

h. Pubescence of ovaries strongly stellate 
D. eriocarpa serum stricto, 

i.e., var. a typica 
h. Pubescence of ovaries not or but slightly 
stellate .... var. i Degeneri f. decipiem 
b. Leaf-blades at most narrowly or a few moderately 
oblanceolate 

4 Var. v minor , described on p. 212 , from Java, is as 
yet too incompletely known to permit inclusion in this key, 
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*». Leaves much crowded together, pedicels of pistil- 
late flowers short, thickish, and not or hut scarce- 
ly visible in the panicle; plant native of northern 

Hawaii var. P confertior 

c„ Leaves comparatively less congested, pistillate 
inflorescence more open 

(L Mature fruits small, mostly under 12 mm. tall 
and (when flattened out) 15 mm. broad in- 
cluding wings 

e. Fruits usually very pubescent even on wings; 
most leaves strongly acuminate at apex; 
plant native of southeastern Molokai 

var. v molokaiensu 
e. Fruits glabrate; leaves subacuminate to ob- 
tuse at apex; plant native of Galapagos 

Islands var. fi V accinioides 

d. Mature fruits larger 

<?, Leaves at most barely acuminate at apex; 
fruits and ultimate branchlets but weakly 
pubescent ; plant common in East Maui and 
very rare in northwestern Hawaii 

var. £ Billebrandli 

e. Leaves commonly very acuminate at apex 
/. Fruits very large, capsule proper ± 1.5 cm. 
long and ± 1,2 cm. wide; leaves glabrate 
or very slightly pubescent, .var. 7 Forbeni 

f. Fruits smaller 
(j. Ovaries slightly hispidulous 

var. k glahrescens 

g. Ovaries densely stellate-pubescent 
I), eriocarpa sensu stricto, 

i.e.j var. a tgpica 

Dodonaea eriocarpa fi confertior var. nov. — 
Frutex ± 1.5 m, altus, foliis confertis plerumque 
oblanceolatis, facile acuminatis, principalium lami- 
na 3-5 cm. longa et saepius 1.2- 1.8 cm. lata. In- 
lorescentiae compactae (floribns confertis ac brevi- 
ter pedicellatis, tantum femineis visis) quam folia 
primum et plerumque etiam demum multo breviores. 
Fructus pauio minores alis usque ad 1.4 cm. longis 
et aegre vel etiam minime ciliatis, sinu apicali an- 
gustissimo. 

Shrub ± 1,5 meters tall, the crowded leaves 
commonly oblanceolate and easily acuminate, blade 
of principal ones 3—5 cm. long and more often 1.2— 
1,8 cm. wide. Inflorescences compact (flowers 
crowded and shortly pedicellate, only the pistillate 
seen), at first and commonly also at last much 
shorter than the leaves. Fruits a little smaller, 
wings up to 1.4 cm. long and weakly or even very 
slightly ciliate, apical sinus extremely narrow. 

Specimens examined: Joseph F . Rock 8,334, 
shrub 5 feet tall, alt. 6,000 feet, Ahamoa (Ahumoa) 
Crater, Manna Kea, Isl. Hawaii, June, 1910 (type. 
Gray: isotypes, Bish,, Chi., K'ew). 

Dodonaea eriocarpa y Forbesii var. nov.— In- 
floreseentia ram u 1 ique moderate patenti-hispidi. 
F olia ■ oblongo-laneeolata ■ vel pauca angustiora, 
utrinque (a pice longe) acuminata supra fere gla- 
brata infra marginibusque debiliter pubeseentia, 
lamina 4-8 cm. longa et 0.8-2 cm. lata, petiolo 
gracili circ. 5—10 mm. longa. Fructus (soli maturi 
sicci rubro-brunnei vel purpuraseentes visi) magni, 
nunc 3- saepius 2-aIati, alis inclusis ± 2.2 cm. longi 
et ± 2 cm. lati, sparsim pubescentes, eapsula ipsa 


maxima ± 1.5 cm. longa et ± 1.2 cm. lata, alis 
2-5 mm. latis. 

Inflorescence and branchlets moderately spread- 
ing-hispid. Leaves oblong-lanceolate or a few nar- 
rower, at each end acuminate (at apex elongately 
so), above almost glabrate, underneath and on mar- 
gins weakly pubescent, blade 4—8 cm. long and 0.8- 
2 cm. wide, petiole slender and about 5-10 mm, 
long. Fruits (only mature, dry, reddish-brown or 
purplish ones seen) large, now 3- more often 2- 
w r inged, ± 2.2 cm. long including wings and zh 2 
cm. wide, wings 2—5 mm. wide. 

Specimens examined (all from ISL HAWAII): 
Charles N. Forbes 247 -H, Kanehaha, Kona, June 
23, 1911 (type, Bish.: isotypes, Calif., Mo., N.Y., 
Par., U.S.) ; Horace Mann fy William T. Brigham 
410, Isl. Hawaii (Gray). 

Dodonaea eriocarpa 8 waimeana var. nov. — 
Folia saepius obovato-oblanceolata, apice acumi- 
nata, lamina plerumque 3—4.5 cm. longa et 1.2-1. 9 
cm. lata. Inflorescentiae femineae juvenes ple- 
rumque laxae, stylis gracilioribus et pauio longiori- 
bus (circ. 7-8 mm. longis). Fructus pubescentiores. 

Leaves more often obovate-oblanceolate at apex 
acuminate, blade commonly 3—4.5 cm. long and 1.2- 

I. 9 cm. wide. Young pistillate inflorescences com- 
monly lax, styles more slender and a little longer 
(about 7-8 mm. long). Fruits more pubescent. 

Specimens examined: ISL. KAUAI — Abbe Ur- 
bain Faurie 275, Waimea, Feb., 1910 (type, Par.); 
Amos A. Heller 2, 846, 5 on Kaholuamanu, above 
Waimea, Sept. 30, 1895 (Chi.) ; Heller (similarly) 
2,846, same place, Oct. 1-8, 1895 (Calif., N.Y., 
U.S.) ; William Hillebrand, Kauai (Gray) ; Hille- 
hrand 574, Kauai (Kew) ; Albert S. Hitchcock 
15,559, Kaholuamanu to Waimea, Oct. 27, 1916 
(U.S.) ; Joseph F. Rock 2,646, Kauai (Chi.) ; Rock 
3,992, Kauai (Chi.) ; Rock 3,996, dry fore hills, 
Waimea, Feb., 1909 (Gray); Rock 3,997, Kauai 
(Chi.); Rock 4,000, Kauai (Bish.). 

ISL. OAHU — Degener, Martinez, Salucop 

II, 080, on moderately dry, open slope, plateau 
west of Kaumuku Gulch, Puuiki, Mar. 17, 1937 
(Arn., Berl., Brit., Calif., Chi., 2 sheets, Del., 
Goth., Gray, Minn., Mo., Mun., N.Y., Par., Phila., 
U.S., U.V., etc.; a form with fruits mostly bialate, 
only very few trialate). 

ISL. LANAI — Charles N. Forbes 508 -L, Lanai, 
Sept., 1917 (Bish.; a small, staminate, small-leaved 
branch apparently belonging with this variety). 

Dodonaea eriocarpa e obtusior var. nov. et 
obtusior f. nov. — Folia plus minusve obovata (raro 
oblonge oblaneeolata), supra interdum fere glabra; 
lamina nunc 2-3.5 cm. longa et ±r 1.5 cm. lata nunc 
ad 6 cm. longa et ad 3 cm. lata, apice obtuso vel 
saepius rotundo subtruneatove saepe abrupte mu- 
eronata vel apiculata ; sepalis nunc ovatis nunc 
lanceolatis vel Jinearibus. 

5 Elsewhere (Minn, Bot, Studs. 1:849. 1897), Heller 
says of this plant: “On the bare slopes between the forks 
of the Waimea River, Kauai, is a very common plant 
.... bushes vary in size from two to four feet, with 
ascending branches.” 
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Leaves more or less obovate (rarely oblong- 
oblanceolate), at times almost glabrous above; 
blade now 2-3.5 cm. long and db 1.5 cm. wide now 
up to 6 cm. long and to 3 cm. wide, often abruptly 
mucronate or apiculate at the obtuse or more fre- 
quently rounded or subtruncate tip; sepals now 
ovate now lanceolate or even linear. 

Specimens examined: ISL. NIIHAU — J. F. G. 
Stokes , at foot of mountain on west side, Jan., 1912 
(Arm, Bail., Bish., Calif., N.Y., U.S., 2 sheets). 

ISL. KAUAI — Otto Degener 11,157 (see also 
under Isl. Hawaii), Kaulaula Ridge, dry region, 
June 13, 1926 (Berl., Chi., Deg.); Degener 4* 
Emilio Ordonez 12,620, scrub at alt. 2,500 feet, 
Puehu Ridge, Waimea, Dec. 29, 1939 (Arn., Berl., 
Brit., Chi., Del., Goth., Gray, N.Y.) ; Charles N. 
Forbes, Waimea, Sept., 1909 (type, Bish.); Forbes 
279 -K, Wahiawa Swamp, Aug., 1909 (Bish., where 
one of three specimens approaches and Mo., where 
one of two specimens approaches or apparently is 
the var. Waimeana ; U.S.) ; Horace Mann fy Wil- 
liam T. Brigham 410 -a, alt. 1,500 ft., Waimea 
(Del., Mo., U.S.). 

ISL. HAWAII — Otto Degener 11,157 (see also 
under Isl. Kauai), in dry region, 19 miles along 
main road from Waimea toward Kona, Aug. 18, 
1926 (Berl., Chi., Deg.); Mrs. Violet Oliveira 
Fosberg 46, dry pasture lands, below Kamuela, 
South Kohala, Aug. 8, 1936 (Bish.); United States 
Exploring Expedition under Capt . Wilkes, Hawaii, 
1838-1842 (U.S.). 

The specimens by Mann & Brigham and by the 
U. S. Exploring Expedition have leaves less 
rounded at the tip than in the other material ex- 
amined, but otherwise seem inseparable from var. 
obtusior. Forbes, under his no. 279 -K, seems to 
have confused specimens of this variety with some 
of var. waimeana. 

Dodonaea eriocarpa var. c obtusior galapa- 
gensis f. nov. — Folia saepius obovata apice ro- 
tundata vel subtruncata (mucrone brevi), nervis 
lateralibus magis conspicuis, marginibus saepe 
irregulariter revolutis. 

Leaves more often obovate and apically rounded 
or subtruncate (mucro short), lateral nerves more 
conspicuous, edges often irregularly re volute. 

Specimens examined (all from ALBEMARLE 
ISL., GALAPAGOS ISLANDS): R. E. Snod- 
grass 4* E. Heller 244, alt. 3,000 feet, mountain 
east of Tagus Cove, Feb. 1, 1899 (Gray); Snod- 
grass 4* Heller 876, alt. 4,000 feet, Tagus Cove, 
June 15, 1899 (Gray, 2 sheets) ; Snodgrass 4’ Hel- 
ler, 904, alt. 2,100 feet or less, Tagus Cove, same 
date (Gray, 2 sheets) ; Alban Stewart 1,945, bushes 
4-5 feet tall, abundant on lava beds above 2,000 
feet, Tagus Cove, Mar. 27, 1906 (type, Gray: iso- 
type, N.Y.) ; Stewart 1 ,946, small trees and bushes, 
alt. around 1,800 feet, Cowley Bay, Aug. 10, 1905- 
1906 (Gray). 

The Galapagos specimens here cited are close to 
the typical form (i.e., forma obtusior) of var. ob- 
tusior except as noted. Phytogeographically, the 


occurrence in the Galapagos Islands of this forma 
and the var. V accinioides (see below') of an other- 
wise principally Hawaiian Island species is inter- 
esting. Robinson (Proc. Airier. Acad. Arts & Scs. 
38: 4: 214. 1902) has already noted “on the w r hole 
rather slight traces of affinity between the flora of 
the Galapagos Islands and that of the Sandwich 
[i.e., Hawaiian] Islands.” 

Dodonaea eriocarpa f lanaiensis var. nov. — 
Folia principalia obovata vel late elliptico-oblonga, 
minora, lamina sub 4 cm. longa et sub 2 cm. lata. 
Fructus parvi, plerumque 3- interdum 2-alati, alis 
inclusis plerumque 7-10 mm. lati, moderate his- 
piduli. 

Principal leaves obovate or widely elliptic-ob- 
long, smaller, blade under 4 cm. long and under 2 
cm. wide. Fruits small, commonly 3- sometimes 2- 
winged, commonly 7-10 mm. wide including wings, 
moderately hispidulous. 

Specimens examined (all from ISL. LANAI): 
F. Raymond Fosberg 12,520, low, spreading bush, 
on eroded slope, alt. 500 m,, flats above head of 
Hawaulanui Gulch, Dec. 1, 1935 (type, Chi.: iso- 
types, several but undistributed as yet) ; William 
Hillebrand, Isl. Lanai (Gray); George C. Munro , 
Isl. Lanai (Bish.). 

In the type collection the fruits are 2- and 3- 
alate, and under 1 cm. long and under 1.2 cm. wide 
including wings. 

Dodonaea eriocarpa y Hosakana var. nov.— 
Demum arbor fruticosa ± 2.4 m. alta. Folia nunc 
lanceolato-oblonga nunc oblaneeolata nunc anguste 
obovata, majora, lamina saepe 4—10 (etiam —12) 
cm. longa et 2-4.5 cm. lata, apice nunc rotundata 
vel etiam subtruncata ac abrupte apiculata (pro 
typo) nunc obtusa vel etiam subacuminata; venis 
principalibus subtus saepe elevatis magis conspicuis. 
Paniculae multiflorae ad anthesin apertae et foliis 
longe superatae. Sepala minora sub 1.5 mm. longa, 
pro floribus masculinis plerumque angustiora etiam 
oblongo-linearia; antheris circ. 1.8 mm. longis, 
sparsim setulosis; pedicello gracillimo saepe zt 1 
cm. longo. 

Finally a shrubby tree zb 2.4 meters tall. Leaves 
now lanceolate-oblong now oblanceolate now nar- 
rowly obovate, larger, blade often 4—10 (even —12) 
cm. long and 2-4.5 cm. wide, at tip now rounded or 
even subtruncate and abruptly apiculate (for the 
type) now obtuse or even subacuminate; principal 
veins often salient beneath and more conspicuous. 
Panicles many-flowered, at an thesis open and much 
surpassed by the leaves. Sepals smaller, under 1.5 
nun. long, for the staminate flowers commonly nar- 
rower even oblong-linear; anthers about L8 mm. 
long, sparsely setulose ; pedicel very delicate, often 
3* l cm. long. 

Specimens examined (all from ISL. HAWAII): 
Otto Degener 11,159, in rocky pasture, Pimaiuu, 
July 25, 1926 (Berl., Chi., Deg.) ; Degener 11.160, 

There seems some possibility that var. Hosakana oc- 
curs in at least one locality in West Maui. Degener 
Ordoftez, 4“ Salucop H,490 is this variety and was said to 
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bushy tree about 8 feet tall, in aa lava desert, near 
Hamiapo. July 22, 1926 (Berl., Chi., Deg.); De 7 
tj e tier 11,16.1, in aa lava flow, I si, Hawaii, July 22, 
1926 (Deg.); Degener 11,162, in Kan Desert, 25 
miles along main road from Kilauea, July 22, 1926 
( BerL, Chi., Deg.); Degener 11,171, not common, 
in arid region, aa lava kipuka two-thirds way from 
Waiohinu toward Kaalualu, Sept. 13, 1929 (Berl., 
Chi,, Deg.); Degener 11,173, alt. 400 feet, in dry, 
rocky region, Milolii, Sept. 20, 1929 (Berl., Chi., 
Deg.') ; Degener 11,175, dry aa lava flow, Punaluu, 
Mar, 17, 1980 (Berl,, Chi., Deg.); Degener 11,176, 
dry aa lava kipuka, between Honuapo and Hilea, 
Feb. 17, 1930 (Berl., Chi., Deg.); Degener , Yasu- 
ma Iwasaki , Yoshimasa Nitta 3,906, “ripe cap- 
sules yellowish, never red as at Milolii,” arid aa 
lava flow, between Hilea and Honuapo, Apr. 13, 
1930 (Berl, Chi., Deg.); Degener fy Y. Nitta 
3,966, arid aa lava flow, between Hilea and Honu- 
apo, May 7, 1930 (Berl, Chi., Deg.); F. Raymond 
Fosherg 10,143, bush 3 meters tall, on aa lava, alt. 
230 meters, Volcano Road below Pahala, Aug. 31, 
1933 (Chi., etc.); Miss Marie C\ Neal , tree 8 feet 
tall, on aa flow, alt. ± 300 feet, Punaluu, Kau, Aug. 
8, 1929 (Chi.); Clifford Nishina ( Degener distrib . 
no.) 11,185, Kona District (Arm, Chi.); Joseph 
F. Rock 4 W. M. Giffard, Kau and Kilauea, Apr., 
191 1 (Bish.) ; Rock $ Giffard 8,781, alt. 1,000 feet, 
lava fields, Hilea, Kau, Apr., 1911 (type, Gray, a 
staminate and a pistillate branch on same sheet: 
isotypes, Bish., 3 sheets, Calif., Gray, N.Y., U.S.) ; 
Rock 4* Giffard (similarly) 8,781, Hilea, July, 
1911 (Arm, Gray). 

A variety usually recognizable at a glance by its 
large leaves. From notes accompanying herbarium 
specimens from the Bishop Museum, it is seen that 
some preliminary work had once been done toward 
segregating this variety by Mr. Edward Yataro 
Hosaka of that institution, and the variety thus 
may be named very appropriately in his honor. 

Dodonaea eriocarpa 0 oblonga var. nov. — 
Ovariis exeeptis fere omnino glabreseens. Folia 
plerumque oblonga interdum obovata, apice obtusa 
vel subacuta, basi in petiolum brevum (dr 5 nun.) 
euneate angustata, membranaceissima, lamina dr 7 
cm, loriga et ± 3 cm. lata, sicca plus minusve atro- 
purpureo-viridia. Flores masculini non visi. Styli 
breves (1—6 mm.), nunc cohaerescentes nunc paene 
distincti. Fructus magni, demum 3 vel 4 alis inclusis 
— 2.5 cm. longi latique. 

Almost entirely glahrescent except for ovaries. 
Leaves commonly oblong but sometimes obovate, 
apical ]y obtuse or subacute, basally cuneate-nar- 
rowed into a short petiole (dr 5 mm.), very thin; 

have come from northwest of Hopoi Camp, West Maui, 
duly 28, 1939. It should be noted, however, that at the 
same place and on the same date the same collectors 
obtained a large suite of the very different var. Degeneri. 
Because of this fact, 1 have suspected an admixture of 
plants from Hawaii (var. Jlosakana ) among plants from 
West Maui (var. DegeneH) during the process of writing 
labels. In any event, the definite occurrence of var. Rom- 
hana in West Maui is in need of confirmation. 


blade dr 7 cm. long and dr 3 cm. wide, more or less 
dark purplish-green when dry. Staminate flowers 
not seen. Styles short (1-6 mm.), now cohering 
now almost distinct. Fruits large, finally ± 2.5 cm. 
long and wide including the 3 or 4 wings. 

Specimens examined (all from LANAI) : Charles 
N. Forbes 18 -L, mountains near Koele, June, 1913 
(topotypes, Bish., Mo.) ; Forbes 90 -L, same place 
and date (type, Bish.: isotypes, Calif., Mo., N.Y.) ; 
Joseph F. Rock 8,049, on open forehills of Mahana, 
July 27, 1910 (Chi., Gray). 

Dodonaea eriocarpa t Degeneri var. nov. et 
Degeneri f. nov. — Folia parva, moderate vel late 
oblanceolata, membranaceora, marginibus venisque 
hispidula alibi glabrata, supra saltern primum val- 
dius viscida, lamina saepius 3-4 cm. longa et 0.8- 
1.4 cm. lata, apice plerumque acuta vel parce acu- 
minata. Fructus numerosi sed laxe dispositi, ple- 
rumque multo minor es, conspicue turgidi, omnino 
sparsim hispiduli, alis parvis saepius sub 7 mm. 
longis et 2 mm. latis. 

Leaves small, moderately or broadly oblanceolate, 
thinner, on edges and veins hispidulons elsewhere 
glabrate, above more ’viscid at least at first; blade 
more often 3-4 cm. long and 0.8-1. 4 cm. wide, at 
apex commonly acute or barely acuminate. Fruits 
numerous but loosely disposed, commonly much 
smaller, conspicuously turgid, sparsely hispidulous 
all over, the small wings more often under 7 mm. 
long and 2 mm. wide. 

Specimens examined (all from WEST MAUI): 
Otto Degener 11,163, in arid region, Pohakea 
Gulch, July 11, 1927 (Berl., Chi., Deg.); Degener, 
Emilio Ordonez , 8? Felix Salucop 12,488, extremely 
arid forehill, Ukumehame Gulch, Aug, 25, 1939 
(Arn., Berl., Calif., Chi., Deg., Gray, Kew, Par.) ; 
Degener, Ordonez, fy Salucop 12,491, alt. 1,000 
feet, on dryish, grassy ridge, Puu Lio northwest 
of Hopoi Camp, July 28, 1937 (type, Chi.: iso- 
types, Arn., Berl., Calif., Chi., Deg., Del., Flor., 
Gray, Kew, Minn., Mo., Mun., Mus.V., N.Y., Par., 
Phila., U.S., U.V., etc.) ; Charles N. Forbes 120 -M, 
Hanaula, June, 1910 (Bail., Bish., Calif., Mo., 
N.Y., U.S.; a form approaching in larger size of 
fruit on certain specimens, but not otherwise, the 
var. typica ) ; Yoshimasa Nitta ( Otto Degener dis- 
trib. no.) 11,202, alt. about 1,200 feet, two gulches 
southeast of Ukumehame Gulch, May 10, 1937 
(Berl., Chi., Deg.). 

Named after Mr. Otto Degener, who very gen- 
erously placed at my disposal his entire collections 
of the Hawaiian species of Dodonaea , and whose 
numerous specimens of this variety (most of them 
as yet undistributed to herbaria) have proved of 
the utmost help in drawing the description. 

In well developed specimens, the leaves are thin- 
ner in texture, farther apart, and somewhat broad- 
er than in the var. Hillehrandii of East Maui. 

Dodonaea eriocarpa var. i Degeneri decipiens 
f. nov. — Folia plerumque dr dimidio majora, apice 
nunc rotunda nunc acuta vel conspicue acuminata, 
saepe longe graciliterque petiolata petiolo 1-3 cm. 
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longo. Fructus (quam pro f. Degeneri) plerumque 
majores. 

Leaves commonly larger by a half more or less, 
at tip now rounded now acute or conspicuously 
acuminate, often elongately and slenderly petiolate, 
petiole 1-3 cm. long. Fruits commonly larger (than 
for f. Degeneri). 

Specimens examined: ISL. KAUAI — Degener 
Ordonez 12,619, dryish valley side, alt. 500 feet, 
Hanapepe, Dec. 29, 1939 (Arn., Berl., Brit., Calif., 
Chi., Del., Flor., Gray, Kew, Minn., Mo., Mun., 
Mus.V., Par., Phila., U.S., U.V., etc.) ; Jared G. 
Smith, Mana, Mar. 10, 1908 (Mo.). 

ISL. OAHU — Degener 11,177, not at all glu- 
tinous to touch, on arid slope, Koko Crater, Apr. 
2, 1931 (Arn., Berl., Calif., Chi., Corn., Par.); 
Degener 4’ K . K. Park 11,178, on hills east of 
K'awaihapai, dry, rocky region near sea level, Apr. 
12, 1931 (Arn., Berl., Carn., Chi., Corn., Del., 
Gray, Kew, Minn., Mo., Mun., Mus.V., N.Y., Par., 
Phila., U.S., U.V., etc.) ; Degener K. K . Park 
1 1,187, on hill east of Kawaihapai, Apr. 11, 1931 
(Chi.); Degener M. Takamoto 11,103, dry, 
grassy region, middle Palawai Ridge, May 12, 1936 
(Arn,, Brit., Calif., Chi., Del., Gray, Kew, Minn., 
Mo., Mun., N.Y., Par., Phila., ll.S. 9 U.V.); De- 
gener, Topping , Martinez , 4* Salucop 11,195, be- 
low forest, ridge directly north of Kaala summit, 
Mar. 26, 1937 (Arn., Berl., Brit., Calif., Chi., Gray, 
Kew, U.S.) ; Degener , Topping , Whitney , Mar- 
tines 11,072, on grassy slope, Waimea Valley, Mar. 
6, 1939 (Arn., Berl., Brit., Calif., Chi., 2 sheets; 
Del., Goth., Gray, Kew, Len., Minn., Mo., Mun., 
Mus.V., N.Y., Par., Phila., U.S,, U.V.); Charles 
Y. Forbes ( with Dean Lake) 2,278-0, talus slopes 
near Kaena Point, Dec. 16, 1915 (Bish.) ; Forbes 
2,506-0, Wailupe Valley, May 4, 1917 (type, 
Bish.); F. Raymond Fosherg 13,157, shrub 1.5 
meters tall, on dry rocky slope, alt. 150 meters, on 
bluff above Kaena Point, May 31, 1936 (Chi., etc.) ; 
F. R. Fosberg 13,881, shrub 1 meter tall, alt. 100 
meters, southwest side, on dry, steep slope, Dia- 
mond Head Crater, May 28, 1937 (Chi., etc.); 
F. R. 4’ V. O. Fosberg 92, bush 2.5 meters tall, alt. 
90 meters, on dry, bushy slope, east slope of Kala- 
ma Valley, Maunalua, Mar. 7, 1937 (Chi., etc.); 
Mrs . V. 0. Fosberg 91, bush 2 meters tall, on dry, 
bushy slope, east slope of Kalama Valley, Mar. 7, 
1937 (Chi., etc.); Mrs. Fosberg 4* */• M. Oliveira 
97, on dry brushy slope, alt. 150 meters, east slope 
of. head of Kalama Valley, Mar. 7, 1937 (Chi.); 
F, Y . H osaka 776, alt. 600 feet, on dry slope, south 
ridge, Kipapa Gulch, Waipio, Sept. 25, 1932 

(Bish.); E. P. Hume 166, on open slope, alt, 450 
meters, north ridge, Kaaawa, Apr. 12, 1931 (Bish., 
N.Y.; foliage faintly suggestive of D. viscosa var. 
vulgaris f. re panda (S. & T.) Radik.); V, Mac 
Caughey, Ke a waul a, Kaena, Mar. 28, 1915 (native 
name, a-alii , Bish., Par., U.S.) ; Jules Remy, 569, 
Isl. Oahu, 1851—1855 (Par.); D. LeRoy 'Popping 
2,821, Makua Valley, Aug. 24, 1924 (Arn., Chi.) ; 


G. P . Wilder , Schofield Barracks, Feb. 14, 1934 

(Bish.). 

ISL. LANAI — Albert S. Hitchcock 14,687, on 
open lower plain, Sept. 21, 1916 (U.S.) ; Emilio 
Ordonez (O. Degener distrib. no.) 12,846, July 14, 
1940 (Arn., Berl., Calif., Chi., Del., Gray, Kew, 
Par.); George C. Munro, Isl. Lanai (Bish.). 

ISL. MAUI — Otto Degener 1 1,164, north mauka 
of Ulupalakua, July 4, 1927 (Arn., Berl., Chi., 
Del., Gray, Kew, Par.); C. N. Forbes 1 ,808-3/, 
Kanaio, East Maui, Mar. 2, 1920 (Bish., Chi., 
etc.) ; Forbes 2,009, Auwahi, south slope of Halea- 
kala, East Maui, Mar. 18, 1920 (Bish., Chi., etc.); 
Gerrit P. Wilder, Isl. Maui, 1913 (Bish.). 

ISL. HAWAII— C. N. Forbes 977-H, on kipukas 
in lava flow of 1823, at level of Kaewevrai, June 28, 
1915 (Bish.). 

HAWAIIAN ISLS. — Horace Mann $ William 

T. Brigham 532 (Bish.). 

Through the forma dr ci pints the var. Degeneri 
approaches, at times closely, the more obovate- 
leaved forms of var. glabrescens . 

Dodonaea eriocarpa k glabrescens var. nov. — 
Folia membranaeea, subnitida vel nitida, elliptieo- 
lanceolata vel -oblaneeolata, apiee plus minusve 
elongate acuminata, margine paulurn repanda, 
lamina plus minusve glabreseentia, saepius 6-10 
cm. longa et 1.6-2. 5 cm. lata, sicca brunnescenti- 
viridia costa mediana inferne straminea. Sepala 
ovata vel superne angustata, Ovaria debiliter his- 
pidula, fructibus infiorescentiae ramulisque gla- 
brescentihus. 

Leaves membranaceous, subglossy or glossy, 
elliptic-lanceolate or -oblanceolate, at tip more or 
less elongately acuminate, at margin slightly re- 
pand; blade more or less glabrescent, more often 
6-10 cm. long and 1.6— 2.5 cm. wide, brownish- 
green (and the median rib straw-colored beneath) 
when dry. Sepals ovate or upwardly narrowed. 
Ovaries weakly hispidulous, fruits and branchlets 
of the inflorescence glabrescent. 

Specimens examined: ISL. KAUAI- — Amos A. 
Heller 2,871, on Kaholuamami, above Waimea, 
Sept, 10-16, 1895 (Bish., N.Y.) ; Heller (similar- 
ly) 2,871, same place, Oct. 1-8, 1895 (Chi.); 
Heller (similarly) 2,871 , same place, Oct. 11-16, 
1895 (Arn., Calif., Mo., N.Y., Par,, 2 sheets, Phila., 

U. S.), 

ISL. OAHU — Otto Degener 12,390, on dryish 
forehill with Sant alum, east slope of Kanehoa, 
June 17, 1939 (Arn., Berl., Brit., Calif., Chi., 
Corn., Del., Gray, Kew, Minn., Mo., Mun., Mus.V,, 
N.Y., Par., Phila., U.S., U.V., etc.); Degener 9 
Ordonez, 4* Foster 12,340, in forest, Honouliuli 
Trail on southeast slope of Puu Hapapa, May 21, 
1939 (BerL, Calif., Chi., Del., Gray, Kew, Minn., 
Mo., Mun., Par.); Degener 4' Park 11.180, south- 
east side of Makua Valley near its head, Jan. 3, 
1932 (Berl., Calif., Chi., Corn., Deb, Minn., Par., 
U.S.) ; Degener 4’ Salucop 11,1 94, moderately dry 
forehills, ridge north northeast of Kaala summit, 
Apr. 1 1, 1937 (Berl., Calif., Chi.. Del.. Gray, Kew, 
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Mo., Mini., N.Y., Par., Phila,, U.S., etc.); F. Ray- 
mond Fosherg <$• Katherine Duke.r 9,049,. small 
tree 2.5 meters tall, in dry forest, alt. 480 meters, 
head of Makua Valley, Waianae Mts., Makua, Nov.. 
25, 1932 (type, Chi.); Fosherg $ Duker 9,051, 
bush 2.5 meters tall, dry, bushy forest, alt. 475 
meters, head of Makua Valley, same date (Chi.) ; 
Olof II. Selling , cult, in Karnehameha School gar- 
den, Honolulu," June 30, 1938 (Goth.) ; St. John $ 
Fosherg 12,179, shrubs 10 feet tall, alt. 1,800 feet, 
east ridge of 2nd gulch east of Puu K'aupakuhale, 
northeast slope of Puu Kaala, Mokuleia, Oct. 23, 
1932 (Chi.); D. LeRoy Topping 2,821, Makua 
Valley, Aug., 1924 (Calif.) ; Topping 3,166, Makua 
Valley, May 30, 1925 (Calif., Chi.); Yuncker # 
Hosaka 3,208, alt. 2,500 feet, gulch east of Puu 
Kaupakuhale, Mokuleia, Kamananui, Puu Kaala, 
Oct. 23, 1932 (U.S., Yunck.). 

Heller (Minn. Bot. Studs. 1:849. 1897) wrote: 
“This particular form .... is a tree fifteen feet 
high, with slender, wide-spreading branches. The 
leaves are two to four inches long, elliptical-lanceo- 
late, on short petioles, thin, shining, and with mar- 
gins somewhat undulate. The young leaves are 
viscid, M Heller referred his Kauai specimens hesi- 
tantly to D. viscosa, but the considerable propor- 
tion of 4-alate fruits and the stellate pubescence 
of many of the fruits even in old age (e.g. t Fosherg 
4* Duker 9,051) on the Oahu specimens place the 
variety with D. eriocarpa . All of the Kauai speci- 
mens examined were stain inate, but appeared iden- 
tical in foliage with some of the Oahu specimens. 7 

Dodonaka eriocarpa A pallida Degener & 
Sherff, var. nov. et f. pallida Deg. & Sherff f. nov. 
— Varietati molokaiensi affinis. Folia pallida, spathu- 
lata vel obovata, apice plus minus ve rotundata et 
saepe mucronata (raro subtruncata etiam emargi- 
nata), basim versus in petiolum gracilem zt 1.5 cm. 
longum angustata, glabrata, membranacea, lamina 
principalia 4-6.5 cm. longa et 1.3-2. 7 cm. lata. In- 
florescentia feminea subglabrescens, ferax, sepalis 
saepius lanceolatis, ovario plus minus ve albido- 
setoso, stylo subintegro sub 5 mm. longo. Fructus 
fere glabra ti, interdum 3-saepius 2-alata, alis magnis 
inclusis dr 1.5 cm, lata et dr 1 cm. alta. 

Allied to var. molokaiensis. Leaves pale, spatu- 
la te or obovate, at apex more or less rounded and 
often mucroriate (rarely subtruncate or even emar- 
ginate), toward base narrowed into a slender peti- 
ole dt 1.5 cm. long, glabrate, membranaceous, prin- 
cipal ones with a blade 4-6.5 cm. long and 1,3-2. 7 
cm, wide. Pistillate inflorescence glabrate, prolific, 
sepals more often lanceolate, ovary more or less 
whitish-setose, style subentire and under 5 mm. 
long. Fruits almost glabrate, at times 3- more often 
2-winged, the large wings included ± 1.5 cm. wide 
and it I cm. tall. 

Specimens examined (all from SOUTHEAST- 
ERN MOLOKAI): Otto Degener 11,166 pro 

4 We may note, however, that the bialate-fruited jP, 
sandwicemw has been collected in the same locality where 
Heller collected (see Hitchcock 15,542, p. 003), 


parte , on arid, rocky slope, east part of Kaluaaha 
plateau, July 3, 1928 (type, Arn.: isotypes, Berk, 
Calif., Chi., Del., Kew, Minn., Mo., Mus.V., N.Y.), 

The description has been based upon the large 
assortment of pistillate specimens examined. Starni- 
nate and monoecious and additional pistillate speci- 
mens were collected under the same number at the 
same place and date, but these have smaller and 
mostly acuminate or at least subacuminate leaves. 
They may be set off as : 

Dodonaea eriocarpa var. A pallida f. acumi- 
natula Deg. & Sherff, f. nov. — Folia paulo minora, 
apice plerumque acuta subaeutave plus minusve 
acuminata. 

Leaves a little smaller, at the commonly acute 
or subacute apex more or less acuminate. 

Specimens examined (SOUTHEASTERN MO- 
LOKAI) : Degener 11,1 66 pro parte , on arid, rocky 
slope, east part of Kaluaaha plateau, July 3, 1928 
(type, almost purely staminate, Chi.: pistillate 
isotype, Chi. ; almost purely staminate isotypes, 
Brit., Cara., Corn., Flor., Gray, Kew, N.Y., Par., 
U.S.). 

Hillebrand (FI. Haw. Isis. 88. 1888) noted for 
Dodonaea eriocarpa that the plants were “polyga- 
mous with male, female and hermaphrodite flowers 
(the latter rare) on the same plant/’ On the labels 
for his no. 11,166, Degener had written: “dioecious 
but staminate plants occasionally with fertile flow- 
ers.” Under the no. 11,166, Degener had sent me 
for study numerous specimens, these at once recog- 
nizable as being of three kinds. The first kind was 
exclusively pistillate and had broadly tipped leaves; 
it became the basis for var. pallida described above. 
The second kind, consisting of several branches, 
had nearly all the numerous flowers staminate, but 
here and there had been a pistillate flower that more 
or less completely matured a lone fruit; the leaves 
were somewhat smaller and more or less acuminate 
at the apex. This second kind, as also the third, 
similar to the second in leaves but exclusively pis- 
tillate, became the basis for f. acuminatula. 

Through f. acuminatula , var. pallida approaches 
somewhat var. molokaiensis of the same region in 
Molokai, but that variety has considerably smaller 
and more remote leaves, also smaller and mostly 
more pubescent fruits. 

Dodonaea eriocarpa p Vaccinioides var. nov, 
— Folia glabrata vel glaberrima, petiolo gracillimo 
saepius 3-10 mm. longo, lamina 1.5-6 cm. longa 
et 0.5-2 cm. lata, nunc lineari-elliptica nunc ob~ 
lanceolata vel etiam oblanceolato-oblonga, apice 
obtusa vel subacuminata et minute mucronata, mar- 
gine Integra vel obscure repanda. Inflorescentiae 
parvae et (saltern masculinae) numerosae, raraulis 
pedicellisque subtilibus debiliter pubescentibus ; 
floribus fertilibus plerumque plus minusve hernia- 
phroditis, sepalis pubescentibus oblongis vel ob- 
longo-lanceolatis demum reflexis, stylo gracili circ 
4-5 mm. longo; antheris persistentibus ; floribus 
masculinis sterilibusque saepe pendulis, sepalis 
ovatis ciliolatis sed dorso subglabris. Fructus raro 
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2- plcrumque 3-alati, sub 1.1 cm. alti et 1.7 cm. 
lati, glabrati. 

Leaves glabrate or very glabrous, the petiole 
very delicate and more often 3-10 mm. long; blade 
1.5-6 cm. long and 0.5-2 cm. wide, now linear- 
elliptic now oblanceolate or even oblanceolate- 
oblong, at apex obtuse or subacuminate and minute- 
ly raucronate, the margin entire or obscurely re- 
pand. Inflorescences small and (at least the stami- 
nate) numerous, branchlets and pedicels slender 
and weakly pubescent; fertile flowers commonly 
more or less bisexual, their oblong or oblong- 
lanceolate sepals pubescent and finally reflexed, 
style slender and about 4-5 mm. long; anthers per- 
sistent; staminate and sterile flowers often pendu- 
lous, their sepals ovate and ciliolate but dorsally 
glabrate. Fruits rarely 2- commonly 3-winged, un- 
der 1.1 cm. tall and 1.7 cm. wide, glabrate. 

Specimens examined (all from GALAPAGOS 
ISLANDS): G. Baur 62, Cowley Bay, Albemarle 
IsL, Aug., 1891 (Gray) ; Baur 63, southern portion 
of Albemarle IsL, July, 1891 (Gray) ; Alban Stew- 
art 1,942, occasional bushes on lava beds below 100 
feet, Villamil, Albemarle IsL, Aug. 29, 1905-1906 
(type, Gray: isotypes, Chi., N.Y.) ; Stewart 1,943, 
low bushes in disintegrated pumice near the shore, 
Cowley Bay, Albemarle IsL, Aug. 10, 1905-1906 
(Chi., Gray, N.Y.) ; Stewart 1,944, occasional 
bushes 4-5 feet tall on basaltic lava, alt. 850 feet, 
James Bay, James IsL, Dec. 29, 1905-1906 (Chi., 
Gray, N. Y.). 

The type collection from Villamil ( Stewart 
1,942) is almost entirely staminate, only a stray 
fruit occurring here and there, and most of the 
leaves are small, 2 to 3 cm. long and under 1 cm. 
wide. One sheet of material from Cowley Bay 
(. Stewart 1,943, N.Y.) has leaves only slightly 
larger, but is rich in fruits. The rest of the cited 
material has considerably larger leaves and might 
indeed represent a good forma. 8 

Dodonaea eriocarpa v molokaiensis Degener 
Sl S her If var. nov. — Ramuli ultimi moderate vel 
eonspicue patenti-hispiduli. Folia eis var. Hille - 
brandii subsimilia sed sicca pallidiora, lamina an- 
guste moderateve lanceolata apice acuminata prin- 
cipalia 4-6 cm. longa et 0.7— 1.7 cm. lata, gracilius 
longiusque petiolata (petiolo ± 1.5 cm. longo), 
faeiebus marginibusque glabrata vel debiliter bre- 
vissimeque hispidula. Florum feminorum sepala 
lineari-oblonga vel subovata, subsparsim pube- 
scentes ; ovariis dense glandulosis et moderate 
adpresso-hispidulis se tul is simplicibus vel interdum 
stellatis; stylo debili, interdum ±: 7 nun. longo. 

8 1 have broadened the varietal description to include 
all the specimens, however, and have been deterred from 
making further segregations by the fact that Stewart 
apparently found both forms at Cowley Bay and con- 
strued them as identical, distributing them under the 
same number (1,943). They should be examined in the 
field. We may note here that the Galapagcian flora offers 
numerous instances of modification into forrnac. Thus, 
for instance, Robinson and Greenman (Amer. Jour. Soe. 
«>0; 138. 1895) listed eight local forrnae of Euphorbia 
tdm $mm Hook. f. 


Fructus maturi plerumque minores, saepius sub 22 
mm. alti et (in herbario planati) 15 nun. lati alls 
(plerumque 2 interdum 3 raro 4) inclusis, moderate 
vel dense pubescentes. 

Ultimate branchlets moderately or conspicuously 
spreading-hispidulous. Leaves somewhat similar to 
those of var. Hillebrandii but paler in dry state, 
glabrate or weakly and very shortly hispidulous 
on surfaces and margins, more delicately and elon- 
gately petiolate (petiole dt 1.5 cm. long), principal 
ones with a blade 4-6 cm. long and 0.7-1.7 cm. 
wide, narrowly or moderately lanceolate, the tip 
acuminate. Pistillate flowers: sepals linear-oblong 
or subovate, subsparsely pubescent ; ovaries densely 
glandular and moderately appressed-hispidulous, 
their setulae simple or at times stellate; style 
slender, at times db 7 mm. long. Mature fruits com- 
monly smaller, more often under 12 mm. tall and 
(when flattened in the herbarium) 15 mm. broad 
including the wings (these commonly 2 sometimes 
3 rarely 4), moderately or densely pubescent. 

Specimens examined (all from SOUTHEAST- 
ERN MOLOKAI): Otto Degener 11,165, in one 
of dry valleys between Kamalo and Kaunakakai, 
July 29, 1928 (type, Chi.: isotypes, 'Am., BerL, 
Calif., Del., FI or.. Gray, Kew, Par.) ; Degener 
1 1,169, small tree, in second eastern gulch, arid 
region, Wawaia, June 27, 1928 (Arm, BerL, Chi., 
Kew, N.Y., Par., U.S., cte.)- # 

Dodonaea eriocarpa £ Hillebrandii var nov.; 
J. F. Rock, Indig, Trees Haw. Isis, pi. 109. 1918. 
— Folia moderate vel anguste (interdum subrhom- 
boide) oblanceolato-linearia, plerumque 3.5-5 (raro 
usque ad 6.5) cm. longa et 8-13 mm, lata, infra 
medium in petiolurn brevem sensim angustata apice 
subacuminata acutave, tenuiora, dernurn plerumque 
glabrata. Ramuli moderate vel aegre pubescentes. 
Fructus demum aegrius pubescentes hispidulive; 
juvenes ovariave plerumque densissime glandulosa 
sed irregulariter et tantum substellate pubescentia. 

Leaves moderately or narrowly (sometimes sub- 
rhomboidally) oblanceolate-linear, commonly 3.5-5 
rarely up to 6.5) cm. long and 8-13 mm, wide, 
gradually narrowed below middle into a short 
petiole, at apex subacuminate or acute, thinner, 
finally more often glabrate. Branchlets moderately 
or weakly pubescent. Fruits at last more weakly 
pubescent or hispidulous; young ones or ovaries 
usually very densely glandular but irregularly and 
only substellately pubescent. 

Specimens examined: ISL. MAUI (probably 
East Maui only) — II. M. Curran 44, Lsl. Maui, 
Apr., 1911 (U.S.); Otto Degener 2,320. in scrub 
vegetation, often fog-swept, hill mauka of Olinda, 
June 15, 1927 (Chi., N.Y. ) ; Degener 2.32 1. within 
Haleakala, Aug. 16, 1927 (Beri., Chi., Mo., N.Y., 
Par., Phil a., U.S.); Degener 2,322, aa lava plain, 
within Haleakala near Koolau Gap, Aug. 15, 1927 
(BerL, Brit., Calif., Chi., Del., Gray, Kew. Minn., 
Mo., N.Y., Par., U,S.) ; Degener 2,326, dry aa 
lava, near Kaupo Gap, within Haleakala, Aug. 20, 
1927 (BerL, Calif., Chi. (where numerous small 



fruiting inflorescences are aggregated into a pani- 
cle 2.1 dm. wide and 1.7 dm. tall); Gray, Par.); 
Degener 11,1(58, within Haleakala, Jan. 20, 1928 
(Chi., Kew, Par.); Degener 12,487, in scrub, outer 
slope of Haleakala below observatory, July 25, 
1989 (Arm, Berk, Brit., Calif., Chi., Corn., Del., 
FI or.. Gray, Kew,-. Minn. Mo., Mum, NA., Par,, 
Plata., U.S., etc.); Degener , Ordonez , $ Sahicop 
12.489, aa lava plain at*6,000 feet alt., Kaupo Gap, 
Haleakala, Aug. 11, 1989 (Arm, Brit., Calif., Chi., 
Del,, Gray, Minn., Mo., N.Y., Par., U.S.); De- 
gener $ Henry Wiehke 2,828, on dry aa lava, near 
Kaupo Gap in Haleakala Crater, Aug. 20, 1927 
(N.Y., U.S.; also at Calif., but with collectors’ no. 
changed to 2,826); Abbe Urbain Faurie 1,127, alt. 
1,500 meters, Haleakala, Aug., 1909 (Arm); 
Faurie 1,128, Haleakala, Aug., 1909 (Arm) ; 
Charles N. Forbes 288 -M, on Crater of Haleakala, 
Aug., 1910 (Arm, Bish., Calif., Chi., Mo., N.Y., 
Par., U.S.); Forbes 1,107 -M, Kaupo Gap, Crater 
of Haleakala, Aug. 10, 1919 (Bish.); Forbes 
1.108-Af, Kaupo Gap, Aug. 10, 1919 (Bish., Par.); 
Forbes 2,172 -Af, Puu Ouli, south slope of Halea- 
kala, Apr. 8, 1920 (Bish., Chi.) ; F. Raymond Fos- 
herg 9,970, bush 1.5 meters tall, dry, brushy slope, 
alt, 2,275 meters, slopes of Haleakala between top 
of Halemanu Trail and end of road at Puu Nia- 
naiau (Nianiau), Aug. 28, 1988 (Chi., etc.); F os- 
berg 9,996, bush 1.5 meters tall, on lava bed, alt. 
2,240 meters, Haleakala Crater floor, Halemanu 
Trail between Bottomless Pit and foot of pali, Aug. 
28, 1988 (Chi,, etc.); William Hillehrand, alt. 
6, 000-9 ,000 feet, Mt. Haleakala, commun . anno 
1865 (type, Gray); Hillehrand # Rev. John M. 
Lydgate f Haleakala (Bish.) ; Horace Mann <§ Wil- 
liam T. Brigham 289, Haleakala (Gray, Mo., 
U.S.) ; Joseph F. Rock , Haleakala, 1912 (Bish., 
Chi., etc.); Harold St. John 10,342, bush 5 feet 
tail, rocky slope, alt. 8,500 feet, Haleakala, Feb. 
15, 1980 (Bish.). 

ISL. HAWAII — C. N . Forbes 220 -II } near sum- 
mit of Hualalai, June 20, 1911 (Bish.); Forbes 
754 -II, Lava Flow of 1855 below Holealohu (Ho- 
lualoa), June 7, 1915 (Mo.). 

The type had been received at Harvard Univer- 
sity in July, 1865, with the data as to habitat of 
collection but evidently without Hillebrand’s de- 
termination. Later (FI. Haw. Isis, 88. 1888), Hille- 
brand construed this material as a variant of 
Dodonaea eriocarpa: "Maui! Haleakala , 6,000- 
8,000 ft, (leaves mostly glabra te).” As noted in 
my description, however, the Haleakala material 
stands out from the var. typica in several respects. 
It apparently is best interpreted as merely another 
one of the extremely local varieties for which the 
Hawaiian Islands are so famous. Specimens of var. 
HiUebrandii sometimes are only with difficulty dis- 
tinguishable from those of I). viscosa var. spatulata 
(Smith) Benth. 

Dodonaea eriocarpa o Waitziana (Blume) 
comb. now ; Dodonaea Waitziana Blume, Rumphia 
8:189. 1847; Dodonaea viscosa var. Waitziana 


(BI.) O. Ktze. Rev. Gen. 1: 148. 1891. 

Blume ’s type had been collected “in sylvis inon- 
tium ignivomorum Javae orientalis.” F’rom Blume’s 
ample description we extract: “ramulis junioribus 
. . . . racemisque subhirtis .... qua adeo ad D. 
eriocarpam Sm. ex insulis Sandwich proxime ac- 
cedit .... petiolis .... dorso .... puberulis.” 
Blume described the leaves as 3-5.5 inches long and 
0.5-1.33 inches wide, lanceolate, very acuminate, 
very rarely obtuse or retuse, etc. The three speci- 
mens now before me and cited below have leaves 
essentially as described by Blume, but vary from 
oblong- to elliptic-lanceolate. They suggest those 
of D. viscosa var. vulgaris f. Schiedeana (Schleeht.) 
Radik. Otto K’untze (loc. cit .) did indeed reduce 
Blume’s species to varietal rank under D. vis- 
cosa. However, the stellate nature showing more 
or less definitely in the pubescence reveals a 
closer affinity with D. eriocarpa Sm., as implied by 
Blume, and accordingly I have renamed the plants 
D. eriocarpa var. Waitziana. A very few Hawaiian 
specimens of D. eriocarpa var. Hosakana ( e.g 
Degener 11,160) approach this variety in leaf- 
characters but differ sharply in their smaller, more 
compact, often subglobose clusters of usually small- 
er fruits. 

Specimens examined, (all from ISL. JAVA): 
Otto Kuntze 5,872, alt. ± 5,000 feet, Wilis Mts., 
1875 (N.Y.) ; W. A. % C. B. Setchell, Mt. Papand- 
ajan, Jan. 30, 1927 (Calif.); C. G. G. J. van 
Steenis 7,199, Pasoeroeari (Arn.). 

Dodonaea eriocarpa i r minor var. nov. — Unicus 
ramulus sub 2 dm. longus plus minusve glabratus 
visus. Folia tenuiora, oblanceolata, apice attenuata 
aeuminatave, infra medium in petiolum brevem 
(±2 mm.) caespitoso- vel stellato-setulosum elon- 
gate attenuata, alibi subglabrata. Unica inflores- 
centia circ. 3.5 cm. longa et 2.5 cm. lata visa; vix 
ad anthesin, paniculata, masculina, axe ramulisque 
subtilibus setulosisque setulis simplicibus vel basi 
ramosis. Sepala ovata, apice breviter attenuata, 
extus sparsissime intus marginibusque conspicue 
hispidula, circ. 2 mm. longa, antheris paulo brevio- 
ribus. 

A lone branchlet seen, this more or less glabrate 
and under 2 dm. long. Leaves thinner, oblanceolate, 
apically attenuate or acuminate, elongately nar- 
rowed below middle into a short (dz 2 mm.), 
caespitose- or stellate-setulose petiole, elsewhere 
subglabrate. The solitary inflorescence about 8.5 
cm. long and 2.5 cm. broad; this scarcely in flower, 
paniculate, staminate, its axis and branchlets deli- 
cate and setulose, the setulae simple or has ally 
branched. Sepals ovate, at apex shortly attenuate, 
on outer surface very sparsely but on inner surface 
and margins conspicuously hispidulous, about 2 mm. 
long, slightly surpassing the anthers. 

Specimens examined: C. G. G. J. van Steenis 
10,881, alt. 2,100-2,200 meters, west side of Jang 
Plateau above Taman Hidoep, Besoeki, eastern- 
most Java, July 14, 1938 (type, Arn.)* 

Dodonaea viscosa minor var. nov. — Folia valde 


; 
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coriaeea, oblanceolato-oblonga, infra in petiolum 
0 5-3 cm. longum angustata, apicem versus obscure 
repando-marginata apice obtuso vel rotundato 
abrupte apiculata, lamina usque ad 8 cm. longa et 
ad 8 cm, lata. Sepala pro floribus femineis ple- 
rumque anguste lanceolata plus minus ve 1-nervata, 

2- 8 mm. longa; pro floribus masculinis ovata et 
sub-3-nervata. Stylus 2-3-partitus, circ. 3-3.5 mm. 
longus. Capsulae maturae non visae; submaturae 
alls iriclusis ± 1.5 cm. latae. 

Leaves very coriaceous, oblanceolate-oblong, nar- 
rowed below into a petiole 0.5-3 cm. long, ob- 
scurely repand-margined toward and abruptly mu- 
cronuiate at the obtuse or rounded tip, blade up 
to 8 cm. long and to 3 cm. wide. Sepals of pistillate 
flowers commonly narrow-lanceolate, more or less 
1 -nerved, 2-3 mm. long; those of staminate flowers 
ovate and subtrinervate. Style 2-3-parted, about 

3- 3.5 mm. long. Mature capsules not seen; sub- 
mature ones zb 1.5 cm. wide including wings. 

Specimens examined: ,7. P. Chapin 903, tree 10 
feet tall, trunk diameter 4 inches, flowers small and 
green, at upper edge of woods, alt. 600 feet, slope 
of mountain, Isl. Rapa, Austral Isis., Dec. 8, 1934 
(type, N.Y.: isotype, Chi.; pistillate, subfruiting 
material); Chapin 909, tree 18 feet tall, trunk 
diameter 6 inches, flowers greenish, stamens yellow, 
often red on outer side, alt. 550 feet, bushy slope 
of mountain, Isl. Rapa, same date (N.Y.). 

Of much smaller geographic range (hence the 
name minor ) than the other known varieties of 
D. viscosa ® 

Recently Forest Brown (Bish. Mus. Bull. 130: 
164. 1935) described D. viscosa var. Stohesiana 
from the Austral Islands, among them Rapa. For 
that variety the leaf-petioles were described as 
short, ± 2 mm. in length. Var. minor has much 
longer petioles. Of Brown’s cited material of var. 
Stohesiana , a lone, numerously staminate-flowered 
specimen ( Stokes 191) from Rurutu is before me. 
Its sepals average more nearly ovate and more dis- 
tinctly 3-nerved than in the observed pistillate 
material of var. rapensis . Pistillate specimens of 
the two varieties should be compared when avail- 
able. 

In the type of var. minor, various straight or 
straightish, white hairs occur irregularly in the 
inflorescence, these sometimes clustered or stellate- 
ly arranged. They appear now natural now almost 
as if derived by crystal-formation or by deposition 
from some foreign source, 

Dodonaea stenoptera var. Fauriei (Levi.) 
comb. nov. ; X Dodonaea Fauriei Levi, in Fedde 
.Report, Spec. Nov. 10: 155. 1911. — Dodonaea 
Fauriei was described as a new hybrid, te D. viscosa 

Mention may be made here of Dodonaea Candolleana 
var. minor Rlume (Rumphia 3:191. 1847), based on ma- 
terial from Java, etc. Blume’s description was scanty, and 
under present war conditions there is little hope of con- 
sulting original specimens with a view to learning just 
what his var. minor was. I suspect, however, that it will 
be found to belong somewhere in D. viscosa or 7>. erio- 
mrpa. 


L. X D. stenoptera Hillebr.,” and was based on 
Faurie 299, Waianai [Waianae], westernmost 
Oahu, May, 1910. Specimens of the type collec- 
tion (Bish., Par., etc.) are before me. They have 
many fruits, these immature and with mostly two 
but sometimes three very narrow wings, suggesting 
indeed D. stenoptera Hillebr., a species known only 
from southeastern Molokai. Leveille clearly as- 
sumed that the narrowness of the fruiting wings 
was traceable to a D. stenoptera parentage while 
the fewness of these wings (mostly two, not four 
as in D . stenoptera ) was traceable to a D. viscosa 
parentage (many Hawaiian specimens, most of 
them erroneously known to him as D. viscosa , hav- 
ing two-winged fruits). But since true D. stenop- 
tera is known only from Molokai and, moreover, 
only from the far side of the island, there could 
have been little chance for it to produce a hybrid 
on Oahu. Rock (in Fedde Repert. Spec. Nov. 13: 
352. 1914) called D. Fauriei Levi, a “deformed 
specimen” of D, viscosa L. However, Fosberg col- 
lected an excellent suite of specimens in essentially 
the same locality on Oahu 23 years after Faurie 
had collected there, and the Fosberg plants show 
the same fruit characters as did the Faurie plants. 
There seems no reason, therefore, to regard the 
fruits as indicating any deformity. Rather do they 
appear to indicate a varietal rank for the Oahu 
material, under D. stenoptera Hillebr. In the 
Faurie plants, the material is pistillate, with here 
and there rudiments of stamens present. In the 
Fosberg plants, some of the pistillate flowers have 
a full complement of stamens, these in certain case? 
appearing as if functional. 

Specimens examined: Abbe JJrbain Faurie 299, 
Waianae, Isl. Oahu, 1910 (type coll., Bish., Par., 
etc.) ; F. R. Fosberg 9,494, tree 4 meters tall, both 
staminate and pistillate flowers on same tree, alt. 
650 meters, in dry forest, Halona Valley, Waianae 
Mts., Lualualei, Isl. Oahu, May 12, 1933 (Chi., 
etc.). 

Dodonaea stenoptera Hillebr. Haw. Isis. 88. 
1888.— In the foregoing study of D . stenoptera 
var. Fauriei, an examination was made of all avail- 
able specimens of the species proper, which for 
convenience of reference may be designated var. 
typica var. nov. It may be noted that Hillebrand 
studied D. stenoptera in considerable detail, de- 
scribing even the seed-embryo. He termed it “a 
very distinct species/* Rock (Indig. Trees Haw. 
Isis. 281. 1913) accepted D. stenoptera as a spe- 
cies and stated that it grew above Kamalo on Mo- 
lokai. The following specimens have been studied 
■ by me: ■■ 

Specimens examined (all from MOLOKAI) : 
Faurie 274, alt. 1,000 meters, Kamalo, June, 1910 
(Arn., Bish., Del., Par.); Charles N, Forbes 127- 
Mo, on ridges below Puu Kolekole, July, 1912 
(Bish., Mo., N.Y.) ; William Hillebrand, alt. 1,500- 
2,000 feet, Kamalo (Gray, Kew) ; Albert S. Hitch- 
cock 15,107 alt. about 4,000 feet, north of Kamalo, 
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Oct. if), 1916 (Rish,, U.S.); Rock , Kamaio, Feb., 

1920 {Arn.). 

In a forthcoming and considerably longer article 
upon Dodonaea , it is found necessary to use certain 
new names and new combinations. These are pub- 
lished at this time for the purpose of properly 
validating them: 

Dodonaea vise os a var. linearis (Harv. & Sond.) 
comb, now et f. linearis f. now; Dodonaea linear i- 
folia Linden PI. Cub. num. 2,070 ( annis 1 841- 
1846) et a pud Turcz. Bull. Mosc. 3 1 1 : 407. 1858; 
Dodonaea linearis E. Mey. in Hb. Drege, Flora 
26 n , Beigabe p. 179. 1843; Dodonaea Thunber - 
giana var. linearis Ilarv. & Sond. FL Cap. 1 : 242, 
sub" num. 2. 1859 & 1860. 

Dodonaea viscosa var. linearis f. angustifolia 
(Benth.) comb, nov.; Dodonaea angustifolia L 
SuppL PL Syst. Veg. 218. 1781; Dodonaea angus- 
tifolia Swartz, Observ. Bot. 150. 1791; Dodonaea 
viscosa var. angustifolia Benth. FL Austral. 1 : 476. 
1863. 

Dodonaea viscosa var. linearis f. arizonica 
(A. Nels.) comb, nov.; Dodonaea arizonica A. Nels. 
Amer. Jour. Bot. 21:576. 1934. 


Dodonaea viscosa var. arborescens (Cunn.) 
comb. nov. et f. arborescens f. nov.; Dodonaea 
arborescens Cunningham ex W. J. Hook. Jour, Bot. 
1: 251. 1834 (as a svn. for D. Aspleniifolia var, ft 
W. J. Hook. loc. cit.) ; Dodonaea Aspleniifolia var. 
arborescens (Cunn.) J. D. Hook, ex W. J. Hook. 
op. cit 2: 415. 1840. 

Dodonaea viscosa var. arborescens f. spatulata 
(Sm.) comb, nov,; Dodonaea spatulata J. E. Smith 
in Rees Encyclop. 12: no. 2. 1809; Dodonaea vis- 
cosa var. spatulata (Sm.) Benth. FL Austral. 1: 
476. 1863; Dodonaea viscosa f. arborea Hert. Rev. 
S. Amer. Bot. 3: 168. 1936. Nomen; Dodonaea 
arborea Hert. op. cit . 5: 35. 1937. 

Dodonaea viscosa var. arborescens f. Ehren- 
bergii (Schlecht.) comb, nov.; Dodonaea Ehren- 
bergii Schlecht. Linnaea 17:639 (spbalm 739). 
1843; ibid . 18:36 (sphalm 52). 1844; Dodonaea 
viscosa var. obovata Hitchc. Report. Missouri Bot. 
Card. 4:73. 1893; Dodonaea microcarya Small, 
Torreya 25: 38. 1925. 

Chicago Teachers College, 

Chicago, Illinois 


THE PRODUCTION AND CHARACTERIZATION OF ULTRAVIOLET-INDUCED 
MUTATIONS IN ASPERGILLUS TERREUS. III. BIOCHEMICAL 
CHARACTERISTICS OF THE MUTATIONS 1 

Lewis B. Lockwood, Kenneth B. Raper, Andrew J, Moyer, and Robert D. Coghill 


Previous analyses and descriptions of the effects 
of irradiation of conidia with ultraviolet light have 
dealt almost entirely with obvious gross morpho- 
logical or cultural changes which are readily ob- 
servable. The more difficult physiological and bio- 
chemical characterizations of light-induced variants 
have only recently been undertaken. Thus, Tatum 
and Beadle (1942) have obtained strains of Neuro- 
spora which had lost the ability to meet their own 
requirements of thiamin, thiazol, nicotinic acid, pan- 
tothenic acid, pyridoxin, methionine, lysine, argi- 
nine, leucine, and tryptophane. Raper, Coghill, and 
Hollaender (1945) have described two biochemical 
variants of Aspergillus terreus. One of these re- 
quired an external source of thiamin for growth 
but was indistinguishable from the parent strain 
when an adequate supply of thiamin was present. 
The other strain had lost the ability to metabolize 
nitrates but made normal growth when ammonium 
ion was present. 

While two of us (Moyer and Coghill, 1945) were 
engaged in a study of the production of itaeonic 
acid from glucose, it became evident that a con- 
siderable portion of the glucose metabolized was 
converted into products other than itaeonic acid. 
With the objective of obtaining mutant strains of 

1 Received for publication December 18, 1944. 

The authors wish to express their grateful appreciation 
for analytical services to Morris Friedkin, Max D. 
Reeves, and Mrs. Lucille B. Czapla of tills laboratory. 


the fungus in which some of the enzyme systems 
were destroyed, irradiation experiments were con- 
ducted in cooperation with Dr. Alexander Hollaen- 
der of the National Institute of Health, Bethesda, 
Maryland. Data obtained in these experiments are 
presented by Hollaender, Raper, and Coghill 
(1945). It was hoped that the elimination of com- 
peting enzyme systems would result in the conver- 
sion of a larger percentage of the sugar to itaeonic 
acid. Since no correlation of morphological charac- 
ters with the physiological properties of Aspergil- 
lus terreus was known, it was necessary that both 
obvious morphological variants and strains which 
morphologically resembled the parent culture be 
selected for biochemical testing. Of the large num- 
ber of cultures derived from irradiated conidia, a 
random selection of 217 strains was made for such 
examination. 

Culture conditions and analytical methods. 
— A culture medium developed previously by one 
of us (A. J. M.) was used for the biochemical 
studies of all the strains of A * terreus. It bad the 
following composition: 

Glucose monohydrate (commercial) . . . . . $50 g, 

NH 4 NOa 2,47 g. 

MgS0 4 .7'H a O 0,25 g, 

KC1 0.1 g. 

ZnS0 4 -7H 2 0 0.0024 g. 

HNO ;l (sp. g. 1.42) 1.60 ml. 

Concentrated corn steep liquor.. 4.0 ml 

Distilled water to 1.0 liter 
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The medium was distributed in 60-ml. portions in 
200-ml. Pyrex Erlenmeyer flasks, and sterilized in 
an autoclave for 20 minutes at 120° to 121 °C. (15 
to 16 lbs. steam pressure). The pH of the cooled 
medium was approximately 1.8. The inoculum con- 
sisted of spores scraped from malt or Czapek agar 
slants. All cultures were incubated 12 days at 30 °C. 

Glucose concentrations were determined by the 
methods of Shaffer and Hartmann (1921). Total 
acidities were measured by titrating with standard 
alkali, phenolphthalein being used as the indicator. 
Itaconic acid was determined by the bromination 
method developed in this laboratory by Morris 
Friedkin and soon to be the subject of another 
communication (Friedkin, 1945). Total solids were 
obtained from the Schonroek sucrose table for re- 
fractive indices observed with an Abbe refraeto- 
meter (Assoc. Official Agric. Chem,, 1940). The 
values for neutral nonreducing compounds were ob- 
tained by subtracting from the value of total solids 
the sum of the values obtained for total acidity (cal- 
culated as itaconic acid) and residual glucose. My- 
celial pads were dried in an oven at 105°C. for 24 
hours before being weighed. 

Results. — Consideration of the cultural and bio- 
chemical data obtained from these studies has led 
to division of the 217 strains into several groups. 
One hundred and one strains showed no change in 
any of the biochemical characteristics studied, al- 
though 42 of these strains were obviously altered 
morphologically. One hundred and sixteen strains 
showed some type of biochemical alteration rang- 
ing from failure to grow on the test medium to 
increased growth and greater acid production than 
the parent strain. Although 99 of these mutants 
showed various degrees of modification in mor- 
phology, no consistent relationship between bio- 


chemical and morphological mutation was observed. I 

However, strains which produced colonies charae- I 

terized by limited yellow floecose growth with few i 

spores generally formed little acid (Raper’s type 1 

V) as discussed by Raper, Coghill, and Hollaender 1 

(1915). The mutants are conveniently distributed 1 

among nine groups. Groups one and two include all 1 

those organisms which were apparently unaltered 1 

biochemically, and the remaining seven groups seg- 1 

regate the 116 biochemically variant strains ac- I 

cording to different types of cultural or biochemi- 
cal response. Since the differentiation of these 1 

groups is not alw T ays based on the same character- 
istics, some strains appear in more than one i 

category. 1 

Group 1 . — This group of 59 strains was indis- 
tinguishable from the parent nonirradiated strain 1 

in any of the characteristics which were studied. 1 

Group 2 . — This class was made up of 42 morpho- I 

logically or culturally variant strains which were 
similar to the nonirradiated parent strain in the I 

efficiency of conversion of glucose into both total I 

acid and itaconic acid. Some of these strains were 1 

characterized by loss of spore color, type of growth 
or colonial form on Czapek agar, different from the 1 

parent strain. 3 

Group 8 . — This group comprised 1 3 strains which, 
with two exceptions (Raper, Coghill, and Hollaen- 
der, 1945), were morphologically and culturally 
indistinguishable from the parent nonirradiated 

strain, but which converted glucose to acid with 
greater efficiency. The ratios between total acid and 
itaconic acid were approximately the same as in the 
parent strain. 

Group If. — This category consisted of only four 
strains which were morphologically and culturally 
indistinguishable from the parent nonirradiated j 


Table 1 . Biochemical characteristics illustrating the reactions of representative strains of nine groups of mutant 
strains of Aspergillus terreus obtained by irradiation. Data are averages of triplicate cultures except for non- 
irradiated parent strain where 54 cultures are averaged. 
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. parent strain 

11.4 

445 

411 

2.67 

92.2 

32.4 

25.4 

1.6 

1.927 

1 

59 

30-6-8 

12.2 

451 

405 

2.63 

89.7 

29.8 

23.7 

1.3 

2.010 

; g' 

m 

32E-SS-1-1 

12.4 

417 

397 

,2.57 

95.2 

28.9 

27.2 

1.0 

1.964 

3 

13 

32D-S-4-2 

11.4 

497 

468 

3.06 

94.2 

37.2 

29.4 

2.1 

1.703 

4 

4 

32A-SS-1-19 

10.9 

51 
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17 
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a Theoretical yield, assuming that one mol of glucose yields one mol of itaconic acid. 
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strain, but which produced little or no acid from 
glucose. 

Group 5 . — This group comprised 88 obvious 
morphologically or culturally mutant strains which 
produced little or no acid from glucose. A few of 
these grew poorly on the test medium, and in all 
cultures the efficiency of conversion of glucose to 
acid was very low. 

Group 6 . — This group consisted of 15 strains in 
which the apparent purity of the acid produced was 
considerably in excess of 100 per cent. The fact 
that the values for unsaturated linkages, as deter- 
mined by bromination, are in excess of the theo- 
retically equivalent values for itaconic acid, as 
measured by alkali titration, is indicative of the 
presence of a considerable quantity of nonacidic 
unsaturated material. These cultures were always 
highly pigmented. 

Group 7.— This group comprised 17 strains which, 
judging from the ratio between total acidity and 
itaconic acid as determined by bromination analy- 
sis, produced substantially only itaconic acid. None 




Fig. 1 (upper). Distribution of Aspergillus terreus 
mutants— Total Acid.— Fig. 2 (middle). Distribution of 
Aspergillus terrem mutants which produced at least 50 
ml total acid per culture— Itaconic Acid.— Fig. 3 (lower). 
Per cent yield itaconic acid (theoretical), based on glu- 
cose consumed by Aspergillus terrem mutants. 



Fig. 4 (upper). Mat weights — Aspergillus ter reus mu- 
tants. — Fig. 5 (lower). Neutral nonreducing materials 
in the culture liquor of Aspergillus terreus mutants. 
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of these cultures produced much pigment, whereas 
in the preceding group heavy pigment formation 
was associated with high bromination values. 

Group 8 . — This group consisted of 15 strains 
which produced considerably more neutral non- 
reducing compounds from glucose than did the non- 
irradiated parent strain. Three of the strains of 
group 6 also were classified in this group. No rela- 
tionship between the production of neutral non- 
reducing compounds and acids was observed. 

Group 9 . — This group consisted of 11 cultures 
which failed to grow on the test medium. Since 
these strains all grew readily on Czapek agar 
slants, and the test medium contained a crude vege- 
table extract (corn steeping liquor), lack of growth 
was not due to a deficiency of growth factors. Few 
of these strains sporulated readily, and inocula- 
tions were usually made by mycelial transfer. It is 
possible that the resistance of these strains to acid- 
ity was not great enough to permit growth at the 
low initial pH of the test medium. 

Data obtained from the triplicate tests of indi- 
vidual strains selected as illustrative of the above 
groups are presented in table 1. For comparison, 
average values from 54 test cultures of the non- 
irradiated parent strain are presented. 

Block graphs show the distribution of irradiated 
strains with respect to total acid production (fig. 
I); itaconic acid production (fig. 2); efficiency of 
conversion of glucose to itaconic acid (fig. 3) ; my- 
celial weights (fig. 4) ; and the production of neu- 
tral non-reducing materials (fig. 5). It is of interest 
to note that the nonir radiated parent strain would 
appear in the longest block of each graph, except 
for total acid production (fig. 1), thus indicating 
that a large part of the strains isolated are not 
greatly altered, according to the biochemical cri- 
teria used here. When considered in terms of total 
acidity, approximately equal numbers of cultures 
showed no alteration, or the nearly complete failure 
to accumulate acid. The large number of strains of 
this latter type indicates the ease with which the 
itaconic acid-producing enzyme system is destroyed. 
Concurrent with the survey of isolates resulting 
from irradiated spores of strain NRRL 265, a simi- 
lar survey was made of strains of A . terreus newly 
isolated from nature. Among such isolates, yields of 
itaconic acid were low in many strains, approxi- 
mately equal to nonirradiated NRRL 265 in others, 
and in a very limited number of isolates were sub- 
stantially higher than in any of the mutants of 
NRRL 265 produced by ultraviolet light. These 
newly isolated, high-yielding strains afford espe- 
cially favorable material for further radiation 
studies. 

From the point of view of developing a practical 
fermentation process, the few strains which pro- 
duced more acid than did the parent nonirradiated 
strain are especially important. They represent a 




preferential channelling of metabolism through the 
enzyme system responsible for the production of 

itaconic acid, 

. SUMMARY 

Nine different types of biochemical and cultural 
response have been observed from 217 strains of 
Aspergillus terreus derived from irradiated eonidia. 

Among the 76 strains which were morphologi- 
cally unchanged were 59 that appeared to be un- 
altered biochemically, 13 that produced more ita- 
conic acid than the parent strain, and 4 that pro- 
duced no itaconic acid. 

Among the 141 strains which were obviously 
altered morphologically were 42 strains not appar- 
ently altered biochemically, 88 w T hich produced 
little acid, and 1 1 which did not grow on the test 
medium. None of these 141 strains produced more 
itaconic acid than did the parent strain. 

Fifteen strains produced considerable nonacidic 
unsaturated material. 

Seventeen strains appeared to produce no acid 
other than itaconic. 

The distribution of strains, plotted in terms of 
total acid produced, itaconic acid produced, efficien- 
cy of conversion of glucose to itaconic acid, mycelial 
weights, and neutral nonreducing materials pro- 
duced, is presented. 

Fermentation Division, 

Northern Regional Research Laboratory, 

Bureau of Agriculture ani> Industrial 
Chemistry, 

Agricultural Research Administration, 

U. S. Department of Agriculture, 

Peoria, Illinois 
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QUANTITATIVE IRRADIATION EXPERIMENTS WITH NEUROSPORA CRASS A. 

I. EXPERIMENTS WITH X-RAYS 1 

Eva R, Sansome, M. Demerec, and Alexander Hollaender 


In quantitative experiments on the effect of 
ultra violet radiation in ■ inducing mutations, one of 
the greatest problems is the high degree of absorp- 
tion "of the rays by the cytoplasm. This has been 
shown very clearly by the work of Stadler and Uber 
on pollen grains of Zea (Stadler and Uber, 1942). 
In fungal spores, where the treated objects are 
small and relatively uniform in size, this difficulty 
is at a minimum. Moreover, observations on large 
numbers of individuals can often be obtained in a 
relatively short time. A certain amount of work has 
been done on the effect of ultraviolet in inducing 
variants in Trichophyton mentagrophytes (Emmons 
and Hollaender, 1939), Since this fungus has no 
known sexual stage, however, the variants could 
not be subjected to genetieal analysis. It was there- 
fore decided to repeat the work w r ith Neurospora 
crasm, an Ascomycete. Its life history had been 
studied in detail by Shear and Dodge (1920), who 
found that it is heterothallie and that its sexual 
reproduction is readily controlled experimentally. 
Lindegren (1942), Dodge (1930), and others had 
investigated its inheritance and found that Mende- 
lian segregation occurs in the asciis. In addition, 
this fungus had already been used in radiation ex- 
periments (Lindegren and Lindegren, 1941). The 
number of spores that can be isolated in any ex- 
periment on A r , crassa is limited, because of the 
rapid, spreading growth of this fungus. It was felt, 
however, that this disadvantage was outweighed 
by the possibility of analyzing the variants geneti- 
cally. 

Experiments on the effects of X-radiation were 
undertaken to parallel the ultraviolet experiments 
(Hollaender, Sansome, Zimmer and Demerec, 
1945), since it was thought that a comparison of 
the effects of these two agents might give some indi- 
cation as to how they act in inducing mutations. 
Such comparisons have been tried before, but the 
absorption difficulty in the case of ultraviolet radia- 
tion has always interfered with quantitative work 
using this agent. 

Materials and methods.- — The methods em- 
ployed were essentially those described by the 
Lin degre ns (1941), Microconidia were used for 
these experiments, because their uninucleate con- 
dition, small size, and uniformity render them very 
suitable for ultraviolet treatment. They were ob- 
tained from the fluffy mutant, which does not pro- 
duce maeroconidia but only microconidia. The use 
of fluffy served also as a check against contamina- 
tion, since Neurospora 'contaminants . were more 
likely to be of the wild conidial type* 

The cultures were passed through a single asco- 
spore or single microconidium stage, not more than 
1 Received for publication December S3, 1944, 


three weeks previous to the treatments. This was 
done to reduce the chance of storing up spontane- 
ously occurring mutations. Seven- to ten-day-old 
fluffy cultures were wetted down with sterile water. 
Two days later, microconidia, or microspores, could 
be seen as a pink, powdery film on the surface of 
the liquid. The microconidia were washed off with 
sterile saline solution and filtered through absorbent 
cotton under sterile conditions. The absorbent cot- 
ton holds back the pieces of mycelium but lets the 
small microconidia pass through. 

The spores were then centrifuged, and a con- 
centrated suspension of spores (about 5 X 10 6 per 
cc.) was X-rayed in a small, thin-walled glass tube. 
The irradiation was carried out at the laboratory 
in Cold Spring Harbor, or, when high intensity was 
required, at the Memorial Hospital in New York 
City. 2 At Cold Spring Harbor, dosage was measured 
by a Victoreen dosimeter, by placing the chamber 
adjacent to the vial with the spores. In order to 
compensate for absorption by the glass of the vial, 
a piece of glass of equal thickness was placed over 
the chamber. In treatments made at the Memorial 
Hospital, dosage was determined by the time of 
exposure, because the emission of the X-ray tube 
was standardized. In these experiments no allow- 
ance was made for the thickness of the glass ; but, 
since tubes of equal thickness were used, the high- 
intensity experiments may be considered in relation 
to one another, although comparisons between the 
Cold Spring Harbor and the Memorial Hospital 
experiments must be made with reservation. 

Three or four successive spore dilutions were 
plated out, each dilution being ten times the pre- 
ceding one. Four to eight plates were prepared for 
each dilution, by plating 0.3 cc. of spore suspen- 
sion. The spores were incubated at approximately 
22 °C., and when they began to germinate after 
about 48 hours they were isolated from the most 
suitable dilution plates. In the later experiments a 
sample of the spore suspension was counted in a 
blood-counting chamber, as a guide to selecting the 
most suitable dilutions. Single germinating spores 
were isolated into tubes of potato-carrot-dextrose 
agar and incubated at 25 °C. The cultures were ex- 
amined several times during the growing period; 
and the final classification into mutant and normal 
phenotypes was made about two weeks after isola- 
tion for all cultures except those that grew very 
slowly, which were classified later. The capacity of 
the variants to give the mating-type reaction of the 
original strain was used as an additional check for 
contaminants in all the earlier experiments, al- 
though after a little practice with the material it 

2 We wish to thank Mr. L. D, Marinelli, of the Memo- 
rial Hospital, and Dr. R. S. Anderson, formerly of that 
hospital, for conducting the high-intensity irradiation. 
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was usually possible to distinguish between con- 
taminants and mutants with considerable accuracy. 
Furthermore, the spores were handled in a special 
transfer room, and the amount of contamination 
was negligible. 

All types different from controls and from the 
treated material were recorded as mutants. The de- 
tection of mutants depends partly, of course, upon 
the personal factor. However, because the spore 
suspension before treatment consists of identical 
haploid spores, and the conditions of growth are 
kept relatively constant- — much more constant than 
is usually possible for higher organisms — the detec- 
tion of mutant types is comparatively easy. The 
more uniform the conditions are kept, the easier is 
the scoring of the mutant types. 

Observations. Types of mutants . — The mutants 
recorded were generally forms differing from the 
treated type in growth habit. Color changes were 
also observed, but they usually accompanied mor- 
phological changes. In the fluffy strain used for 
these experiments, color changes are not so striking 
as in the conidial type, where the pigment is con- 
centrated in the colored spores. Two types of color 
change were observed, however. In one experiment 
an albino appeared, which proved to correspond to 
Beadle’s albino-2 (Beadle, personal communica- 
tion) ; and several mutants were obtained which 
produced a dark-brown or black rim at the surface 
of the medium. A great diversity of growth forms 
was observed, from tiny colonial forms to types as 
vigorous as the normal but having special branch- 
ing systems. The aberrant types were picked out by 
macroscopic examination; but usually types with 
aberrant growth habits showed differences in their 
branching systems when examined under the dis- 
secting microscope. 

In one experiment the mutants were classified as 
follows: 121 with half-to-normal vigor and almost 
normal growth habit; 29 with half-to-normal vigor 
and very distinctive growth habit; 39 with some 
aerial growth, but less than half the normal, and 
almost normal growth habit; 6 with less than half 
normal growth and very distinctive growth habit; 
and 33 with only surface growth. The dosages used 
in this experiment were 15,750 r and 31,500 r at 
5,400 r per minute, and 31,500 r at 270 r per minute. 
The distribution of the mutants into the various 
classes was similar for all treatments. 

Of 39 cases in which ascospores were grown from 
crosses between mutants and wild-type, the mutant 
type was recovered 36 times. In two of the remain- 
ing three cases, the mutants reverted to fluffy. 
There seems little doubt, therefore, that with few 
exceptions the mutant types involved true genetic 
changes. 

Reversions .” — 1 The Lindegrens observed that about 
half the mutants they obtained in their X-ray ex- 
periments reverted to normal after one or several 
sub-cultures. We also found in our early experi- 
ments that some of the cultures recorded at first as 
mutants later appeared normal. In some cases, mu- 


tants were recovered from the offspring of crosses 
between reversions and normals; in others, only 
normals were obtained. Such results may be due to 
several causes. One possibility is that the culture 
may have been wrongly classified as a mutant. A 
second possibility is that the culture may have been 
heterokaryotic from the beginning, carrying normal 
and mutated nuclei, and that the normal nuclei 
gradually overcame the effect of the mutant nuclei. 
Such a heterokaryon could arise by the fusion of 
mycelia from two spores that had been picked up 
together; or it could be caused by a binucleate mi- 
croconidium, or by the fact that only one chromatid 
of a chromosome was affected by the irradiation, 
A third possibility is that two chromatid changes 
might occur and might be distributed to different 
nuclei. In such a case, two different types of nuclei 
would occur, each containing one mutant and the 
normal allele of the mutant in the other type of 
nucleus. If the mutants were less vigorous than the 
normal, the heterokaryotic condition would be 
favored and a balanced heterokaryon would result. 
It is conceivable that such a balanced heterokaryon 
might at first appear mutant and later normal, if 
the relative proportions of the two kinds of nuclei 
should change and that change should affect the 
threshold that determines the phenotype (Beadle 
and Coonradt, 1944). A fourth possibility is that 
the culture, at first mutant and homokaryotie, may 
have become heterokaryotic by mutation subsequent 
to treatment. The mutation may involve the origi- 
nal mutated locus and thus be a true reversion, or it 
may involve another locus or loci. Such mutation 
might include chromosome changes, such as the loss 
during development of a duplication leading to the 
expression of the mutant character. The fifth pos- 
sibility is that a type which appears mutant at first 
may appear normal after considerable vegetative 
growth, because of some kind of cytoplasmic adapta- 
tion compensating for the effect of the mutant 
gene. In this case it might be expected that the 
original mutant character would be recovered on 
sexual reproduction. A sixth possibility — the effect 
of X-rays on the cytoplasm and the influence of 
this changed cytoplasm on the appearance of the 
mutants — has been considered. The possibility of 
a cytoplasmic effect is thought to be remote. 

The problem, then, was how to treat reversions 
when classifying the cultures as normals or mu- 
tants. Experiments with artificial heterokaryons In- 
dicated that, when such heterokaryons were eventu- 
ally normal in appearance, they became so very 
rapidly. Therefore it was felt that apparent rever- 
sions, due to the mutation of only one chromatid of 
a chromosome, would appear normal very soon and 
in most cases would never be distinguishable from 
true normals. Because of the probability that in 
most eases such types could not be distinguished, it 
was thought best to exclude them altogether by 
recording as mutants only those types which ap- 
peared mutant two weeks after isolation. Those cul- 
tures that appeared mutant at first but changed to 
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Tabif 1 Data showing acceleration of germination in irradiated spores. Intensity in experiment 11 was S 40 roentgens 

per minute, and in experiment 80 5, 400 roentgens per minute. 


Germination 


Treatment 

Experiment 

number 

Number of 
plates 

24 hours 

Final 

Per cent 

24 hours 

Average 
per plate 

Per cent 

Control 

11 

3 

56 

216 

25.9 

72 

100 

2,250 r 

11 

2 

106 

156 

67.9 

78 

108 

9,000 r 

11 

3 

102 

157 

65.0 

52 

73 

13,500 r 

11 

3 

121 

198 

61.1 

66 

92 

Control 

30 

4 . 

158 

675 

23.4 

169 

100 

2:2,500 r 

30 

4 

274 

568 

48.2 

142 

84 

31,500 r 

30 

4 

201 

423 

47.5 

106 

63 
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normal at the end of two weeks were classified as 
normals. It is realized that in some cases reverse 
mutations or adaptations might have occurred dur- 
ing the two weeks; but these were probably not 
frequent enough to affect the results seriously, 
especially as they concern the effects of one dosage 
relative to another. 

Acceleration of germination by X-radiation . — 
While the main interest of these investigations has 
been in the mutation rate, it was desired to obtain 
some idea of the survival rate of treated spores as 
compared with controls. Since it is extremely diffi- 
cult to count all the spores germinating on any par- 
ticular plate, because the early -germinating spores 
tend to overgrow the plate, it was thought that we 
might be able to determine the per cent survival by 
plating out spores at the same time, keeping them 
under similar conditions and counting the number 
of germinated spores at a certain given time. When 
such observations were made, however, it was found 
that plates with irradiated spores gave higher counts 
than controls. Attempts were therefore made to ob- 
tain complete counts of the germination of control 
and treated spores and also records of the time of 
germination. In making the counts, consideration 
had to be given to the fact that the counting took a 
considerable amount of time and the plates counted 
last tended to be farther advanced than those 
counted first. Various precautions were taken to 
overcome this difficulty. The counting was staggered 
so that one plate of each control and treated series 
was counted as nearly as possible at the same time. 
While one plate of a set was being counted, the 
remainder were kept in the refrigerator. Since it 
was suspected from previous observations that the 
control spores would germinate more slowly than 
the treated spores, the controls in each set were 
counted last, so that any observable difference 
would not be due to the time of counting. 

The results obtained from the two experiments 
are given in table 1. In experiment II, 25.9 per 
cent of the control spores had germinated by the 
end of the first day of germination, whereas 67.9, 
65, and 61.1 per cent of the spores of the three 
irradiated groups had germinated. In experiment 
30, twenty-four hours after the start of germina- 
tion, when 23.4 per cent of the control spores had 


germinated, 48.2 per cent of the spores given 22,500 
r units and 47.5 per cent of the spores given 31,500 
r units had germinated. It will be seen that, in both 
experiments, the treated spores germinated earlier 
than the controls, although in general the ultimate 
number of germinated spores was highest in the 
controls. These data are not extensive, but they 
are supported by observations in other experiments 
where detailed counts were not made, Thus it seems 
reasonably certain that X-radiation at dosages from 
2250 r to 31,500 r, and at high and low intensities, 
somewhat accelerates the germination of micro- 
conidia of Neurospora , when the spores are irra- 
diated in salt solution. There is no evidence of any 
increase in the effect with increased dosage. Since 
the acceleration in germination is a transient effect, 
it is thought that it may be due to some action on 
the spore membrane or cytoplasm that facilitates 
intake of water and so hastens germination. This 
is supported by the fact that after very high 
dosages, when many of the spores do not germinate, 
these spores undergo the swelling that precedes 
germination. 

Germination and survival percentages . — Table 2 
gives data on the germination and survival-after- 
germination percentages of controls and treated 
spores in four experiments. In experiments 11 and 
12, the irradiation was given at the laboratory at 
Cold Spring Harbor, at low intensity (approximate- 
ly 240 r per minute). In experiments 25 and 30, 
the irradiation was given at an intensity of 5,400 r 
per minute at the Memorial Hospital, New York 
City. 

Two types of data are included in table 2. The 
germination numbers are considered first, and the 
germination percentage, obtained by relating the 
actual numbers obtained to the numbers in the con- 
trols and counting the control germination as 100 
per cent, are given in column 5. Another factor, 
the survival of spores after germination, is also 
taken into account. Column 8 gives the survival 
percentages among the germinated spores, counting 
the control survival as 100; and column 9 gives the 
final survival percentage, taking into consideration 
both failure of germination and failure to grow 
after germination. . 

Because of the difficulty of obtaining these data, 
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Table 2. Germination and survival rates. 
Germination 


Dosage 
(r units) 

Experiment 

number 

Plates 

recorded 

Number 

spores 

Per cent 
germination 
(con- 
trol = 100) 

Spores 

isolated 

Per cent 
spores 
surviving 

Per cent survivals of 

Germin at ed Sown 

(eon- (con- 

trol = 100) trol = 100) 




Intensity 240 r per minute 




Control 

11 

3 

216 


115 

91.2 



9,000 

11 

3 

157 

72.2 

139 

91.4 

100.2 

72.3 

13,500 

11 

3 

198 

91.7 

172 

88.4 

96.9 

88.9 

Control 

12 

4 

159 


60 

96.7 



4,500 

12 

3 

123 

102.5 

139 

92.1 

95.2 

97.6 

13,500 

12 

4 

130 

80.0 

134 

94.8 

98.0 

78.4 

31,500 

12 

4 

100 

62.5 

105 

81.0 

83.8 

52.4 




Intensity 5,400 r per minute 




Control 

30 

4 

674 


144 

96.5 



2:3,500 

30 

4 

568 

84.3 

376 

73.1 

75.8 

63.9 

31,500 

30 

4 

423 

62.8 

344 

61.0 

63.2 

39.7 

Control 

25 

3 

595 


116 

94. 



31,500 

25 

3 

289 

48.6 

236 

52.5 

55.9 

27.2 

63,000 

25 

3 

762 a 

12.8 

228 

15,4 

16.4 

2.1 

126,000 

25 

3 

337 ft 

0.57 

250 

2.4 

2.6 

0.01 

Lower 

dilution than 

preceding line 

counted. 







and the possibilities of error, they must be regarded 
with caution. Nevertheless, it seems clear that these 
microconidia are quite resistant to X-radiation, 
since more than half of them survive a dose of 
31,500 r units. It is interesting to compare the sur- 
vival values obtained in this way with those of 
Lindegren and Lindegren (1941). When adjust- 
ment is made for the fact that the Lindegrens’ re- 
sults are direct results and ours are based on the 
assumption of 100 per cent germination in the con- 
trols, their survival percentages are 7 5 per cent for 
13,750 r units and 53 per cent for 22,000 r units, 
which is in fair agreement with our values of 78.4 
per cent for 13,500 r and 63.9 per cent for 22,500 
r. At the highest dosage given, 126,000 r units, only 
0.01 per cent of the spores survived. At 31,500 r 
units, for which we have both high- and low-in- 
tensity data, it seems that the germination per- 
centages, being 48.6 and 62.8 in the high-intensity 
series and 62.5 in the low-intensity series, are ap- 
proximately the same, regardless of the intensity. 
There is some indication that the survival percent- 
age is lower in the high-intensity series, 62.2 per 
cent and 55.9 per cent, as compared with 83.8 per 
cent in the low-intensity treatment. The survival 
after germination is easy to determine and less 
subject to error than the germination percentage. 
Therefore it seems likely that this is a real differ- 
ence. Thus, while there is no evidence that the in- 
tensity of the irradiation affects the amount of ger- 
mination, there is some evidence that the number of 
spores that die soon after germination is increased 
by increasing the intensity of the irradiation. If 
this early death is largely caused by the presence 
of chromosome aberrations which behave irregu- 
larly in mitosis, and if chromosome aberrations 


show a time-intensity effect in Neurospora as in 
Tradescantia (Sax, 1940; Faherge, 1940), such be- 
havior is not unexpected. 

Mutation rate in early - and late-germinating 
spores . — There was a possibility that mutant spores 
might differ in their time of germination or in their 
survival value in such a way that the proportions of 
mutants to normals picked out might vary accord- 
ing to whether early- or late-germinating spores 
were taken. To test this, spores isolated on the first 
day of germination were kept separate from those 
isolated on the second and third days of germina- 
tion, and the mutation rates of the two groups were 
compared. The results obtained in three experi- 
ments are given in table 3. It is clear that there is 
no significant difference between the mutation rates 
of early- and late-germinating spores under the ex- 
perimental conditions followed. This has consider- 
able practical importance, as it shows that it is not 
necessary to isolate all the spores that germinate on 
a plate in order to get the mutation rate. The muta- 
tion rate can be estimated on samples of spores taken 
at any convenient time. From the theoretical point 
of view, it w’ould appear that the occurrence of 
X-ray-induced mutation in a microconidium does not 
affect its germination. 

Mutation rate' at low and high intensity . — 1 Table 
4 gives the total numbers of survivors and mutants 
for a number of dosages from 2,250 r to 31,500 r 
given at an intensity of approximately 240 r per 
minute. The table is a summary of a number of dif- 
ferent experiments, which proved to he homogene- 
ous and are therefore considered together. Every 
individual experiment included a control and usu- 
ally three X-ray series, so that if there had been 
any extensive variation it would have been possible 


222 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32 , 


Table 3. Mutation rates in early - and late- germmating spores. 


Isolated first day Isolated second and third days 

Dosage Experiment Mutants ’ Mutants ~ 

in r units number Survivors Number Per cent Survivors Number Per cent 

4,500 12 128 5 3.9 35 1 <2.9 


13,500 

12 

129 

9 

31,500 

12 

85 

23 

22,500 

30 

186 

49 

31,500 

30 

133 

45 

126,000 

30 

16 

12 

9,000 

26 

65 

4 

18,000 

26 

145 

13 

31,500 

26 

127 

32 

to check whether 

an unusual 

value was 

limited to 


one dosage or was characteristic of the experiment. 
Every point was determined by more than one ex- 
periment, The mutation rate is about half that re- 
ported by Lindegren and Liridegren (1941). This 
discrepancy may be accounted for in two ways. In 
our experiments, only the easily distinguishable 
mutant types were selected, as it was thought that 
this would tend to keep the conditions of selection 
more uniform throughout the experiments. Second- 
ly, by recording as mutants only those cultures that 
remained mutant at the end of two weeks we may 
have classed as normals some types that would have 
been included among the mutant by the Lindegrens, 


Table 4. Effect of dosage on mutation rate at low inten- 
sity {240 roentgens per minute). 


Dosage 
in r units 

Survivors 

Number 

Mutants 

Per cent 

Control 

810 

5 

0.6 

2,250 

723 

20 

2.8 

4,500 

421 

21 

5.0 

9,000 

677 

42 

6.2 

13,500 

592 

44 

7.4 

18,000 

640 

68 

10.6 

22,500 

204 

34 

16.7 

31,500 

325 

80 

24.6 


It will be seen that the mutation rate increases 
with dosage in a linear manner, the highest dosage, 
31,500 r, resulting In a mutation rate of 24.6 per 
cent. 

Since it was found that the survival rate at 31,500 
r was more than 50 per cent, and since in the case 
of ultraviolet irradiation an increase of energy lead- 
ing to very low survival was accompanied by a drop 
in the mutation rate, it was decided to increase the 
X-ray dosage until a greater killing was observed, 
to see if this would be accompanied by a drop in 
the mutation rate among the survivors as in the 
ultraviolet experiments. Consequently, spores were 
irradiated at the Memorial Hospital, at an intensity 
of 5,400 r per minute, and the mutation results of 
these high-intensity treatments are given in table 5. 
The survival rate at 126,000 r was approximately 


6.9 

36 

2 

5.6 

27.0 

29 

8 

27.6 

26.3 

89 

19 

21.3 

33.8 

77 

27 

35.1 

75. 

44 

34 

77.3 

6.2 

100 

7 

7.0 

9.0 

112 

14 

12.5 

25.2 

113 

25 

22.1 


0.01 per cent, as given in table 2. However, at this 
dosage the mutation rate is still increasing, being 
78.5 per cent as compared with 53.3 per cent at 
63,000 r. Therefore, the X-ray data show no drop 
in mutation rate with a high death rate, comparable 
to that obtained as a result of ultraviolet irradia- 
tion. 


Table 5. Effect of dosage on mutation rate at high inten- 
sity (5,400 roentgens per minute). 


Dosage 
in r units 

Survivors 

Mutants 

Number Per cent 

Control 

527 

1 

0.2 

15,750 

657 

94 

14.3 

22,500 

274 

68 

24.8 

31,500 

772 

243 

31.5 

63,000 

60 

32 

53.3 

126,000 

65 

51 

78.5 


The mutation rate in the high-intensity experi- 
ments increases linearly with dosage, as in the low- 
intensity experiments (see fig. 1). However, the 
mutation rate appears to be higher in the high-in- 
tensity experiments. Considering dosages of 22,500 
r and 31,500 r, the mutation rate from the former 
was 16.7 per cent at low intensity and 24.8 per cent 
at high intensity, whereas from the latter it was 
24.6 per cent at low intensity and 31.5 per cent at 
high intensity. These results are suggestive, hut 
they had to be checked in experiments performed 
with the same X-ray apparatus before an intensity 
effect could be considered as definitely established. 

Intensity effect . — Several experiments were made 
to test the presence or absence of the intensity 
effect. In two experiments a dose of 15,750 r, a con- 
tinuous dose of 31,500 r, and a dose of 31,500 r 
given in two equal fractions separated by a gap of 
six hours were given. The intensity throughout was 
5,400 r per minute. In both experiments the con- 
tinuous dose of 31,500 r gave a higher percentage 
of mutations than the fractionated dose, and in one 
case this difference was significant (table 6). The 
fractionated dose, however, showed a rather small 
increase over the half dose of 15,750 r. It was 
thought possible, therefore, that the six-hour inter- 
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Table 6. Effect of intensity and of fractionated treatment 
on mutation rate. 


Dosage Experi- 

ir» r units ment 

Sur- 

vivors 

Mutants 

Number Per cent 

Control 

33 

129 

1 

0.8 

Control 

34 

74 

0 

0.0 

Control 

35 

77 

1 

1.3 


Total 

280 

2 

0.7 

15,750 

33 

270 

39 

14.4 

(5,400 r per min.) 

34 

387 

55 

14.2 


Total 

65 7 

94 

14.3 

15,750 + 15,750 

33 

207 

46 

22.2 ± 2.89 

(5,400 r per min.) 

34 

370 

69 

18.6 ± 2.02 

35 

328 

80 

24.4 


Total 

905 

195 

21.5 

31,500 

(270 r per min.) 

35 

341 

65 

19.1 ± 2.13 

31,500 

33 

155 

42 

27.1 ± 3.57 

(5,400 r per min.) 

34 

286 

88 

30.8 ± 2.73 

35 

311 

85 

27.3 ± 2.53 


Total 

752 

215 

28.6 


val between the two treatments might have resulted 
in a change in the spores, such that they responded 
less readily to the second dose. In that case the 
higher mutation rate of the high-intensity experi- 
ments might not be due to an intensity effect but 
might result because the total dose was given earlier 
in the one case than in the other. Accordingly, an- 
other experiment (experiment 35) was made, in 
which the continuous dose was given at the end of 
the experiment. In this case a fractionated dose of 
15,750 r plus 15,750 r, with an interval of about 
three hours, and two continuous doses of 31,500 r 
— one at an intensity of 270 r per minute, the other 
at an intensity of 5,400 r per minute — were given. 
The intensity was varied by varying the distance of 
the object from the source of the irradiation. In this 
experiment also, the high-intensity treatment* gave 
the highest mutation rate, the difference between 
the rate at high and low intensity being significant. 
It seems, therefore, that there is a genuine increase 
in mutation rate with increase in intensity. 

Correlation of visible mutants and sterility . — * 
Lindegren and Lindegren (1941) observed a cor- 
relation between X-ray-induced visible mutants and 
the occurrence of partial sterility when the mutants 
were crossed to a standard line. They assumed that 
this sterility was due in the main to chromosomal 
aberration, and brought forward some evidence in 
support of this view. Since partial sterility has been 
shown to be usually correlated with chromosomal 
aberrations in other plants (C. R. Burnham, 1930; 
C. Pellew and E, R. Sansome, 1931), it w r as thought 
permissible to record sterilities and use them as an 
index of the occurrence of aberrations. 

In order to determine the degree of fertility of a 
cross between a particular mutant and the standard 


line, a number of ripe peritheeia were pressed be- 
tween two slides and the peritheeia] cases removed 
so that the clusters of asci were spread out flat on 
the slide. Completely sterile crosses were easily 
picked out, although these were always checked 
several times. The remainder were recorded for the 
number of asci having eight ripe spores and the 
number having one to seven ripe spores. When there 



DOSAGE IN r UNITS 


Fig. 1. Effect of dosage on mutation rate at low inten- 
sity (240 r per minute) and at high intensity (5,400 r 
per minute), 

were 66 per cent or more of eight-spared asci, the 
cross was recorded as being as fertile as the con- 
trols, since the controls gave this result. When there 
were 50 per cent or less of eight-spored asci, the 
cross was recorded as sterile. Crosses having be- 
tween 50 and 66 per cent of eight-spored asci were 
scored as questionable and were not included in the 
final results. They were infrequent. Since the occur- 
rence of an as cospore lethal would lead to the fail- 
ure of development of four of the ascos pores with- 
out necessarily being associated with a chromosome 
aberration, cases in which no asci with more than 
four ascospores were found were given special con- 
sideration, They were infrequent, and in every case 
so far recorded, the number of asci with as many as 
four ripe spores was less than half the total number 
of asci recorded, so it was assumed that even if an 
ascospore lethal were present there was in addition 
sterility due to aberration. Such crosses, therefore, 
were classed among the steriles. Repeated records 
of the same cross gave similar results, and so the 
method of recording appears to be valid. There 
were a few cases in which different clusters of asci 
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Table 7. Effect of dosage on production of visible mutants and sterility. 


EVol. 32 , 

Dosage 
in r units 

Percentage 
Mutants Sterile 

Total 

Mutants 

Tested % sterile 

Total 

Normals 

Tested 

% sterile 

Per cent mutants 
among 

Fertiles Steriles 

9,000 

6.7 

23.8 

11 

11 

54.5 

154 

37 

21.6 

4.0 

15.3 

18,000 

10.5 

31.5 

27 

23 

56.5 

230 

21 

28.6 

6.7 

18.8 

31,500 

23.7 

32.3 

57 

28 

78.6 

183 

28 

17.9 

7.5 

57.8 

15,750 s 

14.2 

34.1 

55 

48 

77.1 

332 

137 

30.7 

5.6 

29.4 

•22,500* 

24.8 

45.8 

68 

54 

70.1 

206 

53 

37.7 

13.5 

38.1 

31,500 s 

32,3 

62.0 

129 

107 

89.7 

278 

178 

48.3 

8.4 

46.3 


a High intensity (5,400 r per minute). 


seemed to vary in their sterility. These were possi- trols is infrequent; one was found among 134 cul- 
hly heterokaryotic for a chromosome aberration, tures analyzed. In the case of the dosage of 9,000 r, 
The crosses giving only empty perithecia present the mutants to be recorded for sterility were taken 
some difficulty, since they might be caused by gene from one experiment only; and since the mutation 
mutation or by aberrations. However, when the rate at this dosage is relatively low, the number of 
part-steril.es were classified into two groups, one mutants to be recorded was low. Three classes in 
with less than 25 per cent of complete asci, the table 7 were irradiated at 5,400 r per minute; the 
other with 25 to 50 per cent of complete asci, it remainder were irradiated at approximately 240 r 
was found that increase of dosage or intensity led per minute. When the results from the same dosage 
to an increase in the proportions of the more sterile given at high and at low intensity are compared, it 
class. The empty-perithecia class showed a similar is seen that with high intensity there is an increase 
behavior with increase in dosage or intensity. It was in the number of steriles as well as an increase in 
assumed, therefore, that most of the empty-peri- the number of visible mutants. Table 8 gives the 
thecia types are due to complex aberrations; and results of two experiments made to test the inten- 

such types have been included with the steriles. sity effect, in which sterility was also recorded. In 

It must be realized that this method of recording the first experiment, in which a fractionated dose 
sterilities does not select all the aberrations that was compared with a continuous dose, the continu- 
cause sterility. For example, in the case of a recip- ous dose was given at the beginning of the experi- 
roeal translocation in which there is no crossing ment. In the second experiment, the continuous dose 
over between the centromere and the translocation was given at the end of the experiment. In both 
point, the results of segregation are either complete cases there was an increase in visible mutants and 
disjunction or complete nondisjunction. This would in the number of steriles from the continuous dose 
he expected to lead, in the case of Neurospora, to at high intensity. 

the formation of eight-spored asci or asci with no The tables show that there is correlation between 
viable spores. The latter type might be difficult to visible mutants and sterility such that the percent- 
distinguish from unripe asci and from asci that age of steriles among the visibles is about twice 
have not developed for physiological reasons ; and that among the phenotypic normals. This correla- 
no attempt has been made to record them. Conse- tion may be somewhat reduced at high dosages and 
quently, a class of aberrations which may be quite high intensity because of the greater increase in the 
numerous has been left out of consideration. number of steriles among the normals. 

The results are given in tables 7 and 8. The re- The correlation between visible mutants and ster- 
eording of sterilities is rather tedious, and there- ility may be brought about in two ways. One type 

fore the data are not as extensive as would be de- may be causally related to the other, as, for exam- 

sirable. The occurrence of part-steriles among con- pie, would be the case if position effects should 

Table 8. 'Effect of intensity on production of visible mutants and sterility. 


Per cent mutants 


Dosage 
in r u n its 

..Percentage 
.Mutants Sterile 

Total 

Mutants 

Tested % sterile 

Total 

Normals 

Tested 

% sterile 

among 

Fertiles Sterile 

15,750 ~f~ 
15,750 HJ.« 

18.6 

37.6 

69 

57 

84.2 

301 

136 

31.6 

4.9 

37.9 

31,500 FI. I. 

31,0 

58.4 

88 

76 : 

89.4 

. 198 

143 

48.2 

8.2 

45.2 

31,500 L.I. b 

19.1 

48.4 

65 

48 

83.3 

276 

93 

37.6 

6.4 

34.3 

31,500 H.I. 

27.3 

73.6 

85 

51 

86,3 

226 : 

43 

67.4 

13.7 

32.5 


a PIT. = high intensity, 5,400 roentgens per minute. 
b L,I. = low intensity, 270 roentgens per minute. 
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occur or if duplications and deficiencies brought 
about by aberrations should appear as visible mu- 
tants. Alternatively, the same type of initial effect 
might lead to one or other or both of these end 
results. This situation would occur if single X-ray 
hits should induce chromosome breaks, and changes 
appearing as visible mutants should sometimes be 
associated with these breaks. Some of these breaks 
would unite with other breaks to give aberrations 
under suitable conditions, and in this way a cor- 
relation between aberrations and visible mutants 
would appear. There is evidence that some of the 
visible mutants result from aberrations. Thus it is 
found that the same dosage gives more visible mu- 
tants at high than at low intensity. This is asso- 
ciated with an increase in the number of steriles at 
high intensity. The number of initial effects is prob- 
ably the same for the same dosage, whatever the 
intensity, and there is no reason to assume that a 
greater proportion of these would result in visible 
mutants at high than at low intensity. The most 
reasonable interpretation of the intensity effect is 
that some of the visible mutants are directly caused 
by aberrations. The question then arises whether 
or not all visible mutants are of this type. The fact 
that some visibles are recorded as fertile does not 
of itself settle the problem, since not all aberrations 
are identified by this method of recording sterility. 

If all visible mutants were the result of aberra- 
tions, one would expect the percentage of visibles 
among the steriles to be the same, within certain 
limits, for all dosages. However, it will be seen 
that, whereas the percentage of visibles among the 
steriles is approximately the same for the same 
dosage given at different intensities or as a frac- 
tionated as opposed to a continuous dose (table 8), 
when the dosage is increased the percentage of visi- 
bles among the steriles also increases (table 7). 
This indicates that some of the visible mutants may 
be independent of aberrations. With regard to such 
changes, there are two main possibilities: the 
changes may be such that the visible mutants pro- 
duced always result from potential breaks capable 
of being associated with aberrations ; or, some of 
these visible mutants may be “gene mutations’* and 
quite independent of breaks. In Drosophila, lethals 
have been found to be correlated with chromosome 
aberrations, whereas visible, apparently gene mu- 
tants seem to be independent of aberrations (De- 
meree, 1937). This suggests that there may be dif- 
ferent types of X-ray effects, one (much the more 
frequent) causing chromosome breakage, the other 
involving a change in the gene without resulting in 
chromosome breakage (Muller, 1941). It was 
thought that perhaps the intensity experiments 
would distinguish between the two types. If some 
of the correlation between visible mutants and 
sterility occurred because the same initial change 
was capable of giving both visible mutants and 
aberrations, then at high intensity the same num- 
ber of changes would be induced as at low r intensity, 
but there would be a greater chance of these changes 


being involved in aberrations. This would reduce 
the percentage of visible mutants among the fertile, s 
at high intensity. If, however, the fertile mutants 
were due to changes independent of aberrations, 
the percentage of visible mutants among the fer- 
tiles would be the same irrespective of the intensity. 
Actually, the percentage of visibles among the fer- 
tiles is higher at high intensity and with a continu- 
ous rather than a fractionated dose. This may indi- 
cate that certain of the fertile visibles are due to 
undetected aberrations which increase with inten- 
sity. 

Thus it was not possible in the present material 
to distinguish between one-hit effects associated 
with healed breaks and one-hit effects entirely inde- 
pendent of breaks. 


X-radiation produced variants in N euros pora 
which genetic analysis showed to be mutants. The 
increase in mutation rate with increase in energy 
followed a straight-line relationship at low dosages 
and reached 78.5 per cent at 126,000 roentgens. 

Increase in intensity led to an increase in the 
mutation rate. Phenotypic normal and mutant cul- 
tures obtained from irradiated spores often showed 
partial sterility when crossed with a standard wild 
type, but this was more frequent in phenotypic mu- 
tants than in phenotypic normals. Partial sterility 
is believed to result from chromosomal aberration. 

An analysis of the sterility and mutation rates at 
different dosages and intensities indicates that there 
are two types of mutants, one caused by chromo- 
somal aberration and the other not. However, the 
latter class may consist partly or entirely of changes 
that are potentially capable of being associated with 
aberrations. 

Carnegie Institution of Washington, 

Cold Spring Harbor, Long Island, New York, and 

Industrial Hygiene Research Laboratory, 

National Institute of Health, 

Rethesda, Maryland 
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QUANTITATIVE IRRADIATION EXPERIMENTS WITH NEUROSPORA CRASSA. 

II. ULTRAVIOLET IRRADIATION 1 

Alexander Hollaender, Eva R. Sansome, E. Zimmer, and M. Demerec 


It has been found that exposure to ultraviolet 
irradiation at sublethal doses will induce changes of 
a mutation-like character in Trichophyton menta- 
grophytes (Emmons and Hollaender, 1939; Hol- 
laender and Emmons, 1941). These experiments 
were repeated with Neurospora , a fungus in which 
such changes could be subjected to genetical analy- 
sis. A similar study was conducted on the effects of 
X-rays on this organism. The results of X-ray treat- 
ment on mutation production are given in a separate 
paper (Sansome, Demerec, and Hollaender, 1945). 
In this report we will describe the effects of ultra- 
violet irradiation and discuss them in relation to the 
X-ray results. 2 Every effort was made to keep the 
conditions and techniques in the X-ray and the 
ultraviolet experiments as constant as possible, and 
the discussion of materials and all genetic and non-- 
physical methods given in the first paper are 
applicable here. 

Ultraviolet irradiation technique. — Micro- 
conidia were washed off with physiological salt solu- 
tion, shaken thoroughly, filtered through absorbent 
cotton, and centrifuged in an angle centrifuge at 
about 4000 rotations per minute for 30 minutes. 
The precipitated spores were resuspended in physi- 
ological salt solution and shaken to break up any 
possible clumps. The approximate number of spores 
was determined in a Petroff-Hausser bacterial 
counting chamber, and usually was about 100,000 
to 1,000,000 per ee. 

1 Received for publication December 23, 1944. 
Appreciation is expressed to Mrs. M. B. Houlahan, 

who was connected with the earlier part of the study. 

2 The data on mutation, wavelength and dosage were 
obtained at the National Institute of Health. The second 
author accepts responsibility for the interpretation of 
results from the genetical aspect. 


The radiation apparatus used in this study was 
substantially the same as that used in previous 
studies (Hollaender and Claus, 1936; Hollaender 
and Emmons, 1939; Emmons and Hollaender, 
1939). The radiation of a medium-pressure water- 
cooled quartz capillary mercury vapor lamp of the 
Daniels-Heidt type was concentrated on the en- 
trance slit of a quartz monochromator. The emerg- 
ing monochromatic beam was concentrated on a 
standardized thermopile for the determination of the 
energy or the face of the exposure cell. All lenses, 
prisms, and windows were made of quartz with good 
transmission down to 2000 A. 

The material was exposed to the radiation in a 
cell which permitted the removal of l/10-cc. sam- 
ples during irradiation without interrupting the ex- 
posure. The material was stirred very thoroughly, 
to make certain that each spore received an equiva- 
lent amount of energy. 

There are two ways in which to get a true picture 
of the amount of radiation each spore receives ; one 
is to have a dense suspension which will absorb all 
the energy entering the exposure cell. The other 
method is to have a very dilute suspension in which 
practically all the energy entering the exposure cell 
is transmitted; i.e., the number of spores is so low 
that the amount of energy absorbed cannot be meas- 
ured. In both techniques since the beam of ultra- 
violet does not cover the entire cell it is imperative 
that the material be stirred constantly, because it 
is often difficult to get a suspension of spores of 
high concentration. For this reason the method of 
irradiating very dilute suspensions was used. The 
amount of energy received by each cc. of spore sus- 
pension was determined for the incident energy at 
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Fig. 1-9. — Fig. 1. Typical mycelium of Neurospora crassa (fluffy) coming from culture used as control, — Fig . '2 to 
9. Different mutant types showing variation in branching and growth. All figures enlarged from original. The cul- 
tures were grown along a bare glass surface and photographed after 24 hour growth with exception of cultures of 
figures 2 and 9 which were photographed after 48 hours. 

violet, was not readily applicable to this study. 
Neurospora crassa has a spreading growth habit 
which makes it very difficult to determine the num- 
bers that germinate on a particular plate. This 
difficulty is increased by the fact that the spores do 
not all germinate at the same time. Ultraviolet- 
irradiated spores show an even greater variability 
in time of germination than untreated spores. In 
general ultraviolet-irradiated spores grow more 
slowly at first and the extent of this slowing up of 
the growth rate is roughly a function of the energy 
which the spores had received. 

Types of mutants hecoeded,— As in the X-ray 
experiments, cultures that were visibly different 
from normal were recorded as mutants. Certain of 
the cultures appeared mutant at first and later re- 
verted to normal. When the reversion occurred in 
the first week, the cultures were classified as nor- 
mal, but when it occurred later the cultures were 
recorded as mutants. Out of 303 mutants, 80 were 
colonial. The majority showed less than normal 
vigor. The grossly different appearance of the inu- 


tile exposure cell divided by the number of cc. irra- 
diated. A typical calculation follows: 

T = time of exposure in seconds. 

I = energy per centimeter deflection of gal- 
vanometer in ergs per second, 
d = centimeter deflection of galvanometer. 

K = cubic centimeters per exposure cell. 

dXlXT 

— - — = ergs per cc. 


The quantity that was removed for each exposure 
(1/10 cc.) was taken into account. A control sam- 
ple was taken before each experiment was started. 
The control and experimental samples were diluted 
in physiological saline and plated out in different 
dilutions. The spores were isolated on gemination 
and transferred to small tubes. 

A method which was found very useful with other 
fungi ( Trichophyton mentagrophytes, Hollaender 
and Emmons, 1939; Aspergillus terreus, Hollaen- 
der, Eaper, and Coghill, 1945), namely, the deter- 
mination of the survival rate after exposure to ultra- 
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tants was usually correlated with a difference in 
branching habit as seen under the microscope. Fig- 
ures 1 to 9 illustrate the branching habits of a few 
of the mutants found. A class of mutants that 
showed very reduced growth and usually either re- 
verted to normal or died out on successive transfers 
was found. These mutants probably belong to the 
type called “degenerate phenotypes” by Lindegren 
and Lindegren (1941), and their occurrence seems 

WAVELENGTH DEPENDENCE 



Fig. 10. Wavelength dependence of mutation produc- 
tion at 4 wavelengths. The energy values which will have 
to be multiplied by 106 for 2650, 2537, and 2280 should 
be multiplied by 105 for 2967, 

to be a characteristic of ultraviolet irradiation. Out 
of 303 mutants, 46 which died out may be presumed 
to belong to this class. Some of the 68 reversions 
that occurred probably belong to this class also; 
but, as will be discussed later, reversion may be due 
to several causes. 

Wavelength dependence. — A set of seven 
wavelengths, namely, 2280, 2380, 2480, 2537, 2650, 


Table 1. Frequency of visible mutations produced by 
different wavelengths at various dosages . 


Wave- 

length 

Experi- 

ment 

Energy in 
ergs/ec. 

X 104 

Number 

tested 

Per cent 
mutation 



0 

50 

0 



4.44 

100 

0 

2280 A 

F 34 

9.82 

100 

1 



16.18 

100 

I 



0 

60 

0 



1.36 

191 

1.1 


F 66 

3.40 

194 

1 



6.81 

205 

. 2 ' 



9.57 

197 

3 



0 

53 

0 



1,94 

98 

1 

2537 A • 

F 43 

4.38 

97 

3.1 



7,14 

97 

7.2 



14,32 

83 

6,0 


Table 1 . Concluded, 


Wave- 

length 

Experi- 

ment 

number 

Energy in 
ergs/cc. 

X 104 

Number 

tested 

Per cent 
mutation 



0 

59 

0 



28.4 

81 

2.6 

2967 A 

F 58 

53.0 

96 

5.2 



78.1 

72 

8.2 



103.5 

98 

8.2 

2650 A 


0 

51 

0 



3.67 

100 

' 4 


F 37 

7.12 

100 

6 



11.08 

100 

13 



14.99 

100 

4 



0 

86 

o 



3.79 

106 

.9 


F 52 

7.17 

100 

1 



14.87 

75 

4 



19.97 

96 

7.2 



0 

82 

2 



7.65 

102 

5.9 


F 59 

13.20 

90 

10 



19.30 

100 

5 



28.80 

115 

3.4 



0 

64 

0 



2.14 

199 

6 


F 68 

4.96 

198 

5.1 



8.68 

196 

13.9 



13.58 

183 

3.3 



0 

118 

0 



2.31 

240 

1.7 


F 157 

6.98 

230 

2.6 



14.27 

229 

10.5 



25.32 

234 

7.3 



0 

108 

0 



3.19 

100 

1 


F 17 

7.13 

100 

0 



11.00 

93 

3.2 



16.52 

• 91 

1.1 



21.74 

98 

1 



40.64 

99 

4.0 



0 

50 

0 



6.80 

311 

1 


F 22 

19.68 

324 

.3 



44.88 

286 

1.4 



84.94 

292 

3,8 



0 

115 

1 



5.03 

111 

1.8 


F 49 

8.72 

116 

3.8 

/ 


12.92 

83 

7.2 



20.47 

107 

4,6 


2805, and 2967 A were compared as to their effec- 
tiveness in mutation production. The work of Hol- 
laender and Emmons (1941) demonstrates that the 
energy necessary for mutation production is lowest 
at 2650 A with a second minimum at 2280 and is 
highest at 2967. Because of these findings the re- 
gions of the ultraviolet spectrum illustrated in fig- 
ure 10, namely 2280, 2650, and 2967, were empha- 
sized in this study. For equivalent energy value, the 
killing rate was very high and the mutation rate 
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Table 2. Effects on survived of seven wavelengths at dif- 
ferent energies. 



Experi- 

Energy— 

Number* 1 


Wave- 

ment 

ergs/cc. 

spores 

Per cent 

length 

number 

X 104 

per cc. 

survival 

mo a 

F 34 

0 

325 X 102 

100 



4.4 

163 X 102 

50 



9.8 

71 X 102 

21.9 



16.7 

15.5 X 102 

4,7 


F 42 

0 

84 X 103 

100 



3.8 

127 X 102 

15.2 



6.5 

42.3 X 102 

5.1 



9.1 

73 X 10 

.8 



15.1 

43 X 10 

.5 

•2380 A 

F 45 

0 

72.6 X 103 

100 



2.4 

52.5 X 103 

72.6 



■ 7.2 

120 X 102 

22.6 



16.6 

59.6 X 102 

8.1 



33.7 

109 X 10 

1.5 

2480 A 

F 46 

0 

104.5 X 103 

100 



4.3 

156.5 X 102 

15 



7.9 

25 X 102 

2.5 



15.9 

91 X 10 

.8 



27.8 

48.6 X 10 

.4 

2537 A 

F 43 

0 

63 X 103 

100 



1.9 

72.6 X 103 

+ 



4.3 

95.5 X 102 

15.3 



7.1 

18 X 102 

2.3 



14.3 

46 X 10 

.7 

2650 A 

F 23 

0 

23.3 X 103 

100 



4.2 

15 X 103 

35 



7.7 

17 X 102 

10 



16.2 

13 X 10 

poor 


F 27 

0 

88.5 X 102 

100 



2.9 

28.5 X 102 

29.9 



6.6 

40.5 X 10 

4.7 



13.4 

37.5 X 10 

4.4 


F 37 

0 

97.5 X 103 

100 



3.3 

78 X 103 

67 



6.8 

118 X 102 

14 



10.7 

84.3 X 10 

8.3 



14.7 

84.5 X 10 

.9 


F 41 

0 

179 X 102 

100 



2.5 

60 X 102 

33.5 



4.9 

61 X 102 

3.4 



8.3 

36 X 10 

2.0 



13.6 

23 X 10 

1.3 

2806 A 

F 44 

0 

80.5 X 108 

100 



5 

50.2 X 103 

62.4 



8.3 

12.6 X 102 

15.6 



14.5 

36 X 10 

4,5 



23.2 

97 ? 

1.2 

2967 A 

F 40 

0 

39 X 108 

100 



36 

202 X 102 

52 



56,7 

112 X 102 

28J 



81,2 

29 X 102 

7,4 



137.8 

208 X 10 

5.3 


a The first figure in column 4 gives the average of the 
counts on two to four plates multiplied by the dilution 
factor which then gives the number of colony-forming 
organisms per cc. 




low at a wavelength of 2280; and at 2967 the kill- 
ing and mutation rates were both low. It required 
a tenfold increase in energy at 2967 to cause killing 
and mutation rates of the order of magnitude given 
by 2650 A (tables 1 and 2). 

Mutation frequency and dosage.- — Because 
there appears to be a certain variability in the re- 
sponse to ultraviolet treatment of spore suspen- 
sions coming from different cultures, the experi- 
ments cannot be averaged. Table 1 includes the re- 
sults of eight experiments at a wavelength of 2650, 
the wavelength that was found to be most efficient 
in producing mutations. These experiments were 
selected from a number of others because they hap- 
pened to have fairly high numbers of spores at each 
dosage. They are representative of the results ob- 
tained in other experiments. In the case of F37, 
Fl7, F22, and F41, fluffy 4” strains were used; and 
in the remaining experiments, fluffy — strains. It 
will be noticed that in five experiments the muta- 
tion rate increases with energy up to a certain level 
and then decreases with a further increase in en- 
ergy. 3 The peak of the curve occurs at approxi- 
mately the same energy level, but its height varies 
from experiment to experiment. Experiment F32 
does not show this behavior, nor do experiments Fl7 
and F22. In the last two experiments the mutation 
rates are very low, and therefore the results are 
not very instructive. Moreover, in the ease of F22 
most of the runs involved very high energy values, 
at which values the maximum mutation rate would 
have been passed according to the results of the 
other experiments. The same strain was used in ex- 
periments FIT and F22, and it is possible that this 
was a strain with a low mutation rate. Such strains 
were also found in Trichophyton (Emmons and 
Hollaender, 1959). 

The frequency dosage curve. — One explana- 
tion of a curve of this type, which is unique in irra- 
diation experiments, is that the spore suspension 
is heterogeneous in respect to the amount of radia- 
tion absorbed by each spore or in the response to 
irradiation. The conditions of irradiation seem to 
preclude the idea of differential exposure of the 
individual spores. The possibility that the spores 
themselves are different in their response remains 
to be considered. 

In measuring the mutation rate we are measuring 
the effect of the ultraviolet irradiation on the- nu- 
cleus. However, there are two main ways in which 
the spores may be heterogeneous in respect to their 
mutational response to ultraviolet irradiation. The 
cell wall and the cytoplasm surrounding the nu- 
cleus may differ in their capacity to transmit the 
ultraviolet radiation at different stages, or the nu- 
cleus may give a different response at different 
stages of its cycle. One or both of these factors may 
be operative. Several experiments were made in the 

3 Similar curves have been found in PemeUlium nota - 
turn and Aspergillus ter reus (Hollaender and Zimmer, 
1945 ; Hollaender, Paper and Coghill, 1945). 
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Table 3 . Frequency of mutations in young and old irradiated spores. 




Young spores 



Old spores 




Number 

Per cent 


Number 

Per cent 

number 

Energy 

tested 

mutation 

Energy 

tested 

mutation 


0 

52 

0 

0 

53 

0 


7.30 

154 

4.5 

6.46 

148 

3.3 

F 13 

20 .22 

155 

11.7 

20.18 

154 

2.6 


43.42 

145 

10.6 

45.37 

129 

1.6 


0 

50 

0 

0 

48 

1 


4.61 

24 

1 

5.75 

86 

1 

F 113 

14.67 

88 

5 

15.45 

89 

3 


31.02 

93 

4 

25.09 

104 

1 


0 

50 

0 

0 

47 

0 


8.80 % 

106 

1.9 

8.16 

98 

4.2 

F 121 

24.28 

100 

2.0 

25.36 

98 

9.2 


40.74 

106 

1.9 

48.26 

108 

4.6 


hope of obtaining evidence regarding the hetero- mosome effects would be visible. The following sim- 
geneity of the treated spore samples. pie hypothesis to explain the rise and subsequent 

Irradiation of old and young spores. — It was fall in the mutation rate was considered. It was 

thought that if variations occurred, either in the assumed that chromatid effects in general are not 

capacity to absorb ultraviolet radiation or in the visible, only chromosome effects appearing as visi- 

power of the nucleus to respond to the treatment, ble mutants. It was further assumed that the type 

samples of predominantly young spores might dif- of effect, whether chromatid or chromosome, is con- 
fer from those of predominantly older spores in ditioned largely by the nuclear stage of the micro- 

their mutation rate after ultraviolet irradiation, conidium undergoing treatment, only microconidia 

Consequently, comparable cultures were wetted at a certain stage being capable of full chromo- 
down, and microspore suspensions prepared and some effects. On these assumptions, the mutation 

irradiated after 24 hours and after 48 hours. Twen- rate would rise with dosage until every conidium 
tv-four hours after wetting, the number of micro- had received approximately one effect. At this point 
conidia was relatively low, and spores had to be those microconidia that were capable only of a 
taken from 15-20 cultures in order to obtain sus- chromatid response would appear phenotypically 
pensions of a desirable density. The results of three normal, since the mutant would be covered by the 
experiments involving young and old conidia are normal allele. Of the microconidia that gave a chro- 
given in table 8. These results are insufficient; but mosome response to the ultraviolet treatment, those 
it will be seen that, whereas in experiments F113 undergoing lethal mutations would be eliminated 
and Fl3 the mutation rates of the young conidia and the remainder would appear as visible mutants, 
were higher, in experiment F121 the reverse oc- An increase in dosage leading to coincident muta- 
curred. Thus, while the data do not exclude the tions would result in a reduction in the number of 
possibility of a different mutational reaction of visible mutants in the class of microconidia giving 
young and old conidia to ultraviolet irradiation, chromosome effects, because of the coincidence of 
they afford no evidence of any consistent effect of lethal and visible mutations. The extent of the re- 
that kind. duction of mutation rate would depend upon the 

Analysis of normal phenotypes in relation relative proportions of visible and lethal mutations. 
to chromatid effects. — Stadler and his associates In the case of microconidia giving chromatid effects 
found that the endosperms from crosses involving only, the occurrence of two mutations in one nucleus 
ultraviolet-treated pollen of Zea Mays showed a would be followed by the separation of the two mu- 
great number of fractional deficiencies (Stadler and tants into one nucleus in half the cases, when the 
Uber, 1942). They suggest that these deficiencies remaining normal nucleus would be expected to 
are explicable if only one chromatid derived from predominate. In the other half of the cases the two 
a treated chromosome is affected, the other being mutations would pass to different nuclei and might 
normal. It is desirable to consider the results of be expected to produce a balanced heterokaryon. 
such chromatid effects in Neurospora. If, as an In experimentally made heterokaryons between 
effect of ultraviolet irradiation, one of the two nu- pairs of visible mutants, it was found that nine out 
clei resulting from the first nuclear division after of fourteen combinations appeared normal. Hence 
treatment should be normal, and the other mutant, a high proportion of balanced heterokaryons might 
the normal nucleus might be expected to predomi- be expected to appear normal eventually, although 
nate over the mutant so that the resulting culture they might not achieve a balance at first, in which 
would appear normal. In Neurospora, therefore, case they would first appear mutant and later would 
chromatid effects would be masked, and only ehro- appear normal. 
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It was thought, therefore, that the microconidia 
giving only chromatid responses to ultraviolet irra- 
diation would continue to appear normal even when 
two or more mutations were present, owing to the 
balanced heterokaryon phenomenon, whereas the 
number of visible mutants from the microconidia 
giving chromosome effects would decrease because 
of the coincidence of lethal and visible mutations 
in a certain proportion of cases. This would account 
vcrv well for the dosage-mutation curve actually 
found. On this hypothesis, a fair proportion of 
phenotypically normal cultures from heavily treated 
microconidia would be expected to be balanced 
heterokaryons. Accordingly, a microconidial analy- 
sis of a number of these normals was made. Sub- 
cultures about one week old were wetted down, and 
the microconidia so obtained were plated out and 
later isolated into tubes. Out of twenty cultures 
from a spore sample given a dosage of 17.9 X 10 4 
ergs per cubic centimeter at 2650 (experiment Fl2, 
run 5), one was a balanced heterokaryon consisting 
of two semi-lethal mutants, four gave one mutant 
from approximately 30 isolated microconidia, and 
fifteen gave only standard fiuffv cultures. Out of 
16 cultures given a dosage of 21.7 X 10 4 ergs per 
ee. (experiment Fl7, run 5), all gave only fluffy 
cultures; and out of 13 cultures given a dosage of 
40.6 X 10 4 ergs P er cc - (experiment Fl7, run 6), 
only fluffy cultures were obtained in all cases ex- 
cept one, where one mutant was obtained. Thus, 
out of 49 cultures tested, only one was a balanced 
heterokaryon. Five were possibly heterokaryotic 
for normal and a mutant character; but, since the 
microconidia came from subcultures taken from old 
cultures, these mutants may have been due to spon- 
taneous mutation and not to chromatid mutation 
during irradiation. As will be seen later, some of 
the reversions were probably balanced heterokary- 
ons; but, since they appeared mutant at first and 

Table 4. 


Class 

Number of 
cultures 

Types recovered 

A 

4 

Fluffy only 

B 

4 

Dwarf or scant at first; later 



fluffy 

C 

5 ■ 

Mutant only 

0 

11 

Mutant and fluffy 

E 

11 

More than one type of mutant 


were so considered when the data for the dosage- 
mutation tables were collected, they, cannot be con- 
sidered as helping to keep up the proportion of 
normal phenotypes at high dosages. The results on 
the microconidial analysis of normal phenotypes 
recovered from high dosages, therefore, seem to 
eliminate the hypothesis that the drop in the dosage- 
mutation curve is due to heterogeneity of microconi- 
dia with respect to their capacity to give a chromo- 



Reversions and chromatid effects. — As men- 
tioned before, a number of cultures that were mu- f?j 

tant at first later reverted. The general nature of 
unstable forms is discussed in the X-ray paper. Out |1 

of 303 mutants, 68 reverted sooner or later. No 
correlation could be found between the frequency 
of reversion and the wavelength or dosage. A micro- f f \ 

conidial analysis of 35 reverted mutants gave the |l 

results summarized in table 4. p 

The mutants falling into class A may be of three || 

types : ( 1 ) Genuine reverse mutations, in which the 
“fluffy” nuclei have overgrown the original mutant 
type. In this case it should be possible to recover 
mutants from crosses involving the original culture §1 

before it reverted. (2) A type described by the 
Lindegrens as “degenerate phenotype,” which gives 
only wild-type and fluffy progeny when crossed 
with a standard wild-type line. Such types most f 

probably result from an effect of the ultraviolet | 

radiation on the cytoplasm. (3) Normals wrongly fl 

classified as mutants. I 

Class B seems to consist of a special type of mu- §! 

tant which is slow-growing at first but attains nor- f 

mal vigor after growing for a time. Ascospores from | 

mutants of this class appear dwarf or scanty at 
first and normal later. | 

In the case of class C, in which only mutants 
were recovered, three explanations are possible. 

(I) The phenotypic reversion might be due to a 
gene mutation to normal fluffy, but the original mu- 
tant nuclei might be still so numerous that a small 
spore sample would detect only mutants. (2) The 
culture on growing might acquire a cytoplasmic 
adaptation to the mutant gene which is lost when 
single conidial cultures are taken. This might well 
be a more extreme example of the type of phenom- 
enon shown by class B mutants. (3) The third pos- 
sibility is that the original culture consisted of a 
balanced heterokaryon between a lethal mutation 
and a visible mutation. On microconidial analysis, 
only the visible mutants would be viable and there- 
fore recoverable. In this case we must assume that 
two chromatid changes occurred at the time of 
irradiation, one to a visible mutation, the other to a I 

lethal, and that these were distributed to different I 

nuclei at the first nuclear division. The culture ap- 1 

peared mutant at first, but after a favorable ratio | 

had been established between the two types of nu- 1 

clei it appeared normal. 1 

Class E, in which more than one type of mutant j 

was obtained, evidently consists of balanced hetero- I 

karyons involving two visible mutants. Class D I 

consists of heterokaryons between fluffy and a fluffy I 

mutant type. It is difficult to know whether these I 

types were heterokaryotic from the time of irradia- | 

tion or whether they were entirely mutant at first | 

and became heterokaryotic by mutation. Each par- ii 

tieular mutant would have to be investigated care- i 

fully, to show which is the more probable explana- \ 

tion. 


However, in the case of class E, and probably of 
class C also, we have fairly clear evidence of a 
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chromatid rather than a chromosome effect of the 
irradiation. Since these cases involve coincidental 
chromatid changes,, it would seem that chromatid 
changes are quite frequent, as might have been ex- 
pected from Stadler’s results on maize. Moreover, 
it may well be that some of the non-reverted visible 
mutants are heterokaryons. 

Analysis of balanced heterokaryons should afford 
a method for estimating the relative proportions of 
visible and lethal mutations. The present data, in 
which there were 1 1 balanced heterokaryons involv- 
ing two visible mutations (class E) and 5 involving 
possibly one visible and one lethal (class C), might 
indicate that lethals are less frequent than visibles ; 
but a more extensive analysis is needed to settle 
this question. 

The occurrence of multiple mutations. — In 
view of the possibility that the spore samples were 
heterogeneous in their response to ultraviolet radia- 
tion, it was thought advisable to determine, if pos- 
sible, the proportion of coincidental mutations 
among the ultraviolet-induced mutants. According- 
ly, ascospores from crosses involving some of the 
flufly mutants and the wild-type were grown, and 
the progeny recorded. In crosses involving twenty- 
eight mutants, whole asci were dissected and the 
ascospores removed in linear order ; in the case of 
forty other mutants, ascospores from the cross with 
wild-type were sown at random. The results from 
the single-ascus dissections were: thirteen cases in 
which one mutant type was recovered together with 
fluffy and wild-type; eight cases in which no mu- 
tant was recovered, although more than four spores 
germinated; three cases in which no mutant type 
was recovered, but only four spores or less ger- 
minated; and four cases in which more than one 
mutant type was recovered. If the eight types in 
which no mutant was recovered belong to the de- 
generate-phenotype class described by Lindegren 
and are not gene mutations, then out of twenty 
genetic mutants four involve two or more genetic 
loci. From the forty mutants subjected to random 
ascospore analysis, more than one mutant type was 
recovered nineteen times, and only one mutant type 
twenty-one times. The discrepancy between the re- 
sults from whole-aseus dissections and those from 
random ascospore sowing may be partly due to the 
fact that for some crosses very few asci were dis- 
sected, so that a second mutant type might have 
been present and not recovered. In any case, the 
numbers are small and the difference is not signifi- 
cant. There is no doubt that the finding of twenty- 
four mutants with two or more mutational changes 
out of sixty investigated indicates a very high de- 
gree of coincidence of mutations. No correlation 
could be detected between dosage and the occur- 
rence of coincidental mutations. 

Sterility. — Since visible mutations were found 
to be correlated with sterility in the case of the 
X-ray-induced mutants, a number of the ultraviolet- 
induced mutants were investigated for sterility by 
the technique used in analyzing the X-ray mutants. 


Of forty-seven mutants so examined, forty were as 
fertile as the controls, three were partly sterile, two 
had empty perithecia, and two were doubtful part- 
steriles. It is difficult to make a close comparison 
between the X-ray and ultraviolet results, because 
the ultraviolet mutants were from samples that had 
been subjected to different amounts of radiation 
and that gave different mutation rates. However, 
in the X-ray cultures, even at the lowest dosage ex- 
amined, about 50 per cent of the mutants were part- 
ly sterile. Thus there is a distinct difference in fre- 
quency of sterility in the ultraviolet- and X-ray- 
induced mutants, although ultraviolet-induced mu- 
tants may sometimes be sterile. 

Discussion. — In a study of the effects of seven 
wavelengths between 2200 and 3000 A, three 
were especially studied — namely, 2650, 2280, and 
2967 A. At 2650, nucleic acids have high absorp- 
tion; and this wavelength is most efficient in produc- 
ing killing and mutation effects; that is, lower 
amounts of energy are required to produce a given 
effect at this wavelength than at the others. At 
2280, nucleic acids, proteins, and other constituents 
of the cell — including the cell wall — absorb the 
radiation rather intensely, as is shown by photo- 
graphs taken at this wavelength (Cole, 1941). 
Therefore it is likely that at 2280 most of the ra- 
diation to which the cell is exposed will be absorbed 
by the cell wall and the cytoplasm. This might be 
expected to kill the cell rather than produce changes 
in the nucleus, and this is what actually seems to 
occur. At 2967, very little measurable absorption 
is found; but with very high dosages both killing 
and mutational effects can be obtained. 

The typical ultraviolet dosage-mutation curve 
rises to a maximum, and with a further increase of 
dosage the percentage of mutations decreases. There 
is a certain variability in mutation rate among spore 
samples. A genetical analysis of the mutants ob- 
tained shows that the proportion of multiple muta- 
tions is high. A possible explanation of the dosage- 
mutation curve, based on the assumption that only 
a certain proportion of the spores can give a full 
chromosome response to ultraviolet irradiation, the 
remainder giving only chromatid changes, was 
tested and not verified. However, the possibility 
that the spores differ in the capacity of their nuclei 
to respond to ultraviolet irradiation, some being at 
a stage at which no mutation can occur, is not ex- 
cluded. The high proportion of multiple mutations 
is in accordance with such a hypothesis. Some of 
the results of Stadler are interesting in this connec- 
tion (Stadler, 1939). He found that ultraviolet- 
irradiated pollen produced deficiencies in the endo- 
sperm much more frequently than in the embryo, 
whereas X-rayed maize pollen yielded a high fre- 
quency of deficiencies in both endosperm and em- 
bryo. Among seeds which gave only five A deficien- 
cies in the plants, there were more than a hun- 
dred complete A deficiencies in the endosperm. 
Stadler suggests several possible explanations for 
this phenomenon, of which the third — namely, that 
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“there is a difference in some secondary effect after 
fertilization, for the course and rate of early de- 
velopment are very different in endosperm and em- 
bryo” — may be considered here. It may be that 
ultraviolet treatment causes an effect upon the gene 
of such a nature that if nuclear division follows 
very rapidly after the treatment the gene is unable 
to reproduce itself and a full or fractional deficien- 
cv results. However, if division is delayed there may 
be a possibility of recovery in many cases, so that 
the -number of mutations obtained is greatly de- 
creased. It may be that the effects on the Neuro- 
spora spores resemble the embryo in that there is 
a greater chance of recovery than in the endosperm. 
In order to explain the Neurospora ultraviolet data 
on this basis, we would assume that the irreversible 
changes would occur more readily in spores at a 
certain stage. There is some evidence in the work 
of Swanson ( 1942 ) that the response to ultraviolet 
irradiation is affected by the stage of the nucleus. 
He treated nuclei in the pollen tubes of Tradescan- 
tia at various times after sowing on an agar plate 
and found the number of chromatid breaks to be 
decreased when the dose was applied at a later 
than an earlier stage. 

An alternative explanation is based on the dual 
action of the ultraviolet irradiation rather than on 
heterogeneity among the spores. On this assump- 
tion the ultraviolet is believed to have a direct effect 
on the cytoplasm, apart from its effect in inducing 
genetic mutations. This effect on the cytoplasm 
increases with dosage in a cumulative fashion. An 
interaction takes place between the nucleus and 
cytoplasm such that mutant nuclei have a smaller 
chance of surviving in a defective cytoplasm than 
do normal nuclei. The differential survival value of 
the normal and mutant nuclei is increased with in- 
creased dosage, and this results in a final drop in 
the mutation rate. In support of this, we have the 
occurrence of degenerate phenotypes, which show 
no evidence of being the result of genetic changes 
but appear rather to be due to cytoplasmic effects. 
In the case of Trichophyton , Hollaender and Em- 
mons ( 1941 ) were enabled by suitable treatment of 
spores after irradiation to increase the mutation 
rate at higher dosages. This might be due to re- 
covery of the cytoplasm, leading to increased sur- 
vival of mutated nuclei. The supposition that mu- 
tants have an increasingly lower survival rate than 
normal phenotypes, however, is not in accord with 
the high frequency of multiple mutations. To ac- 
count for this, one would have to assume that dif- 
ferent mutations differ in respect’ to their effect on 
survival, and that deleterious mutations are more 
frequent at higher dosages. This might be accounted 
for if the reaction between mutants and cytoplasm 
is specific; that is, if certain mutants can only sur- 
vive when certain specific elements in the cytoplasm 
are uninjured. 

Comparison of X-ray and ultraviolet results. 
— Because there is no direct method of comparing 
X-ray and ultraviolet dosage, comparisons between 


them must be based on biological effects. One such 
effect is the killing rate of the treatment. The high- 
est mutation rate recorded in the ultraviolet-treated 
material was 13 per cent, with about 9 per cent 
survival, whereas with X-ray treatment such a mu- 
tation rate would be associated with about 70 per 
cent survival. There is no doubt, therefore, that 
X-rays are more effective than ultraviolet irradia- 
tion in inducing mutations, when considered in re- 
lation to their killing effect. This is in line with the 
results of Lindegren and Lindegren. They found 
that less than 1 per cent of the ultraviolet-treated 
spores survived, and that, of the survivors, about 
9 per cent were mutants; whereas in the case of 
X-rays, about 50 per cent of the treated spores sur- 
vived, and of these about 25 per cent were mutants. 
Moreover, it was found that, with ultraviolet irra- 
diation, increase in dosage led to a decrease in the 
mutation rate, associated with a rapid increase in 
the killing rate. In the case of X-ray treatment, the 
number of mutants increased with dosage even up 
to a dosage of 126,000 r, when only 0.01 per cent 
of the spores survived the treatment but 78.5 per 
cent of these were mutants. 

The X-ray mutants differed from the ultraviolet 
mutants in that they were often associated with 
sterility, whereas ultraviolet mutants were general- 
ly fertile. If sterility is usually due to chromosomal 
aberration, as seems probable, then its frequent 
occurrence in the X-ray-treated material and its 
rare occurrence in the ultraviolet-treated material 
is in accordance with the results of Stadler and his 
colaborators in maize, and also with the work on 
Drosophila — especially that of Mackenzie and Mul- 
ler ( 1940 ), Demerec, Houlahan, and Hollaender 
( 1942 ), and Slizynski ( 1942 ). The X-ray results 
indicate that there are at least two types of change 
leading to the production of visible mutants. The 
intensity effect seems to indicate that some mutants 
are directly due to aberrations; whereas the fact 
that the percentage of mutants among the steriles 
is not constant, but increases with dosage, indicates 
that there are some mutants not directly due to 
aberrations. The data do not enable us to distin- 
guish between mutants that are independent of 
aberrations (“gene mutations”) and mutants that 
do not result from aberrations but may be asso- 
ciated with them (potential breaks). The rate of 
occurrence of mutations not resulting from aberra- 
tions might afford a more valid basis for comparison 
with the ultraviolet results than the total mutation 
rate. Unfortunately, the fact that all aberrations 
cannot be detected by the present methods makes 
such a comparison impossible. There is no doubt 
that the rate of occurrence of such mutations would 
increase more slowly with dosage than the total 
mutation rate. 

A special type of change, called “degenerate 
phenotype” by Lindegren and Lindegren, merits 
further consideration. Degenerate phenotypes either 
die out or revert to normal on sub-culture, and when 
crossed with wild-type they give only fluffy and wild- 
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type progeny. They are therefore thought to be due 
to an effect on the cytoplasm rather than to a genetic 
effect. Their frequency is much higher following ul- 
traviolet than following X-ray treatment: the Linde- 
grens found twelve such types among 36 ultraviolet- 
induced variants, and one out of 20 among X-ray-in- 
duced variants ; and we found 40 out of 1 19 ultravio- 
let-induced variants, and three out of 99 X-ray-in- 
duced variants of this type. This high frequency 
among the ultra-violet-induced variants is believed to 
indicate that ultraviolet radiation has a much greater 
effect upon the cytoplasm than X-radiation, and the 
high death rate of the ultraviolet-treated spores 
may be due primarily to the effect of the treatment 
on the cytoplasm rather than on the nucleus. Any 
discussion of the possible mode of action of ultra- 
violet and X-radiation must still be of a highly 
speculative character. Because of the high absorp- 
tion coefficient of nucleic acid in the ultraviolet, 
especially at 2650, it seems probable that the muta- 
tional changes produced by ultraviolet are largely 
caused by initial effects on the nucleic acid. Thus, 
as was pointed out by Mackenzie and Muller 
(1940), the ultraviolet radiation is selective in its 
action on the chromosomes. In contrast to this, the 
X-rays are not absorbed differentially, but they 
seem able to cause chromosome breakage wherever 
a sufficiently large cluster of ionizations occurs 
(Lea and Catcheside, 1942). It has been shown by 
Swanson (1942) that ultraviolet radiation will pro- 
duce chromatid but not chromosome breaks in the 
pollen- tube chromosomes of Trade scantia. What 
relationship such breaks bear to the visible mutants 
produced by ultraviolet in Neurospora is not known. 
The characteristic mutation curve shown by ultra- 
violet-treated spores is most simply explained by 
heterogeneity of some sort. This is confirmed by the 
high degree of occurrence of multiple mutants. The 
simplest hypothesis to explain this would be that 
not all the microconidia are uninucleate, a certain 
proportion of them being binucleate. This explana- 
tion, however, seems to be precluded by the X-ray 
results, where there is no evidence of any such 
heterogeneity. If the heterogeneity resides in the 
nuclear condition, then certain nuclear stages must 
be less susceptible to ultraviolet treatment than 
others, as suggested earlier. If there are certain 
spores with nuclei that are more responsive to the 
action of ultraviolet radiation than those of other 


spores, the question arises as to what happens to 
these spores when they are subjected to X-radia- 
tion. It may well be that such spores give a higher 
proportion of changes of the more localized type 
assumed to result from ultraviolet treatment, and 
if we could distinguish these changes from the other 
types induced by X-radiation we might obtain a 
curve for such mutants similar to the ultraviolet 
dosage-mutation curve. 

SUMMARY 

The wavelength most effective in inducing muta- 
tions in N eurospora was 2650. At 2280, the killing 
rate was high and the mutation rates were low, 
whereas at 2967 both killing and mutation rates 
were low unless very high dosages were given. 

At 2650, the mutation rate increased with dosage 
up to a maximum and then decreased as in the case 
of Trichophyton. 

Genetic analysis showed 24 out of 60 mutants to 
be multiple mutants. The rate dosage curve and the 
high coincidence of mutations are believed to indi- 
cate heterogeneity in the treatment given to the 
spores and in the response of the spore to treat- 
ment. 

The hypothesis that spores differ in their capac- 
ity to give a chromosome rather than a chromatid 
response to ultraviolet radiation was found insuffi- 
cient to explain the data, although evidence that 
both chromatid and chromosome effects occur was 
obtained. 

The occurrence of sterility in association with 
the mutants was much less frequent in the case of 
the ultraviolet-induced mutants than in the X-ray- 
induced mutants. 

The ultraviolet results are discussed in relation 
to the X-ray results and it is suggested that the 
ultraviolet effects are localized, whereas the X-ray 
effects are more diversified, including chromosome 
breaks and rearrangements. The X-ray effects may 
include effects of the type induced by ultraviolet 
treatment but this cannot as yet be determined since 
it is not possible to distinguish between the different 
types of mutants. 

Industrial Hygiene Research Laboratory, 
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Carnegie Institution of Washington, 
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METASTATIC (GRAFT) TUMORS OF BACTERIA-FREE CROWN-GALLS ON 

VINCA ROSEA 1 

Philip R. White 


Braun (1943) has shown that crown-galls of 
Vinca rosea can be freed of the inciting organism 
by thermal treatment according to the methods de- 
veloped by Knnkel (1941), without altering the 
capacity of the tissues to produce typical galls at 
the loci of inoculation. The same author had shown 
earlier (Braun, 1941) that similar bacteria-free 
crown-galls occur on Helianthus annuus, destruc- 
tion of the bacteria resulting from unknown natu- 
ral causes. Morphologically similar bacteria-free 
galls of genetic origin occur spontaneously on cer- 
tain hybrid Nicotianas (Kostoff, 1930). White has 
reported the isolation of rapid-growing autonomous 
tissue cultures from Nicotiana tumors (1939) and 
from Helianthus galls (White and Braun, 1942) 
and has shown that both types of tissue culture are 
capable of producing tumors in new hosts by graft- 
ing (White, 1944; White and Braun, 1942). Since 
we now have transplantable tumors originating as 
a result of (1) genetic causes, and (2) infectious 
causes but freed of the infection by unknown natu- 
ral means, it seemed desirable to determine if these 
galls of Vinca might not represent a third type of 
transplantable tumor, in which one step in its pro- 
duction, the process of eliminating the infection, is 
brought about experimentally under controlled con- 
ditions. The fourth, and most desirable type of all, 
would, of course, be one in which all causal proc- 
esses involved in gall inception are of known and 
controllable nature. Braun and Laskaris (1942) 
have made one additional step in this direction in 
isolating the effect of naphthalene-acetic acid and 
other “growth substances” in supplementing the 
gall-inducing effects of attenuated strains of 
bacteria. 

Materials and methods. — Through the cour- 
tesy of Dr. Armin C. Braun bacteria-free tumors 
of Vinca were obtained having the follow- 

ing origin (Braun, 1943). Young healthy plants 
of Vinca rosea were inoculated by the multiple 
needle puncture method with a 24-hour nutrient 
dextrose-broth culture of the highly virulent 
Brown Peach strain of Phytomonas tumefaciens. 
The plants were allowed to stand on a greenhouse 
bench for five days during which time the infec- 
tion was established and the tumefacient process 
presumably went to completion. The plants were 
then transferred to a hot room at a temperature 
of 46-47 °C. for a period of five days, a period 
sufficient to destroy the bacteria effectively. The 
plants were then returned to the greenhouse at a 
temperature of about 25 °C., and allowed about ten 
weeks time for the development of mature galls of 

1 Received for publication January 5, 1945. 


the type illustrated in Braun's 1943 paper. These 
steps were carried out by Dr. Braun and the tumors 
given to me at this stage. 

Mature galls were broken open carefully so as 
not to contaminate the inner tissues with surface- 
borne molds or bacteria. Surface disinfection was 
not used. Fragments of the softer, more rapidly 
growing tissues were removed with a sterile 1.0 
mm. surgeon's ear curette and placed on a semi- 
solid medium made up of White's nutrient (1944) 
stiffened with 0.6 per cent of thoroughly washed 
agar. 

Experimental results. — Eighty isolations were 
made on April 13, 1943. Fifty-seven of these devel- 
oped contaminations, mostly molds, but with some 
yellow bacteria. All isolations showing bacterial 
contaminations were re-inoculated by Dr. Braun 
into young healthy tomato plants. In no case did 
crown galls develop, showing that the bacteria pres- 
ent were not Phytomonas tumefaciens but random 
contaminants. Eighteen of the twenty-three aseptic 
cultures were transferred to fresh nutrient on April 
20, the other five being discarded. On May 4 one 
more was discarded, four were divided, each into 
two cultures, and twelve were again transferred 
without division. Subsequently the derivatives of 
all cultures except No. 19 were discarded although 
many grew moderately well. No. 19, however, gave 
the most satisfactory results and by the eighteenth 
passage (December 13, 1943) a clone of twenty- 
five rapidly growing cultures had been built up 
from this one isolation. Individual cultures of the 
sixteenth to twenty-fifth passage (passage 20 ex- 
cepted) are shown in figure 1. Since passages, with 
the exception of the first one, were of two weeks 
duration this picture, taken April 12, 1944, repre- 
sents cultures at the time of transfer (lower row, 
left) up to eighteen weeks old (upper right). The 
very rapid rate of increase, as compared to that of 
Nicotiana or Helianthus cultures, is evident. These 
cultures are brilliant white in color and even at an 
age of four months without transfer show little or 
none of the brown discoloration and necrosis so 
characteristic of cultures of Nicotiana (White, 
1939) or Helianthus (White and Braun, 1942) at 
the same age. 

The microscopic structure is similar to that of 
other tissue cultures (White, 1939; White and 
Braun, 1942) but differs in some significant re- 
spects (fig. 5). The general texture, as a corollary 
of the rapid growth, is uniformly open showing 
neither the central core of radial organization of 
the Nicotiana tumor cultures first studied, with its 
well defined meristematic centers (White, 1939), 


f The Journal for April (33:177-235) was issued May 4, 1945] 
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nor the solidly organized whorls of scalariform 
elements (White., 1943; White and Braun, 1942) 
and marginal meristematic regions of the Helian- 
thus cultures. There are many giant cells. Some of 
these may represent primitive latex chambers but 
have not been definitely so identified. Scalariform 
cells do occur in considerable numbers but are scat- 
tered. The general pattern appears completely with- 
out organization. It is therefore all the more sur- 
prising to find; as is shown in figure 6, a series of 
five pairs of primary xylem elements arranged in 
a perfect arc suggesting the early organization of 
a normal stem vet bedded in a parenchyma with- 
out any other suggestion of organization. The fac- 
tors responsible for the even spacing and arcuate 
arrangement of these isolated elements certainly 
present interesting possibilities for study. 

At the end of the twentieth passage (39 weeks 
after isolation) fragments of seventeen cultures 
were grafted into young healthy plants of Vinca 
rosea by the double incision method described else- 
where (White, 1944). Of this first series four (24 
per cent) formed tumors. The host plants were at 
this time rather young and a second series set up 
March 1 gave better results. Forty-two grafts were 
made, eighteen from material of passage nineteen, 
and twenty-four from material of passage twenty. 
Of these only nine (21 per cent) failed to form 
tumors, thirty-three (79 per cent) being positive. 
The tumors formed were of clean, smooth, fleshy 
texture, up to 20 mm. in diameter (fig. 2, 3). The 
structure of these tumors and of the tumor-host 
connection (fig. 4, 7) shows no significant differ- 
ences from those described elsewhere for bacteria- 
free galls of sunflower and Nicotiana (White, 1944). 

Discussion. — Here, then, is still another type of 
bacteria-free tumor of plants possessing the proper- 
ties of malignancy, metastasis (by grafting) and 
autonomous, discoordinate development. The proc- 
ess of tumefaction, the fundamental change in cell 
response, goes to completion in a very short time, 
probably a matter of a few hours, after exposure to 
the tumefacient agent (Braun, 1943; White and 
Braun, 1943). Once this change has been consum- 
mated the tissues are able to go on to produce small 
tumors in situ, after destruction of the inciting 
agent (Braun, 1943). Cultivation in vitro has re- 
sulted in the segregation of a particularly active 
type of tissue capable of producing massive tumors 
upon transplantation into healthy host plants. The 
large size of tumors produced by grafts in com- 
parison with those commonly induced in compara- 
ble regions of the host plant by multiple needle 
puncture with a bacterial inoculum (compare 


Braun, 1943, fig*. 1 C) raises certain questions as to 
possible causes. The first possibility that comes to 
mind is that of better nutrition. Tumors produced 
by needle puncture inoculation have a very small 
initial point of contact with the host. The neoplas- 
tic cells, however, arise directly from the host so 
that the vascular connection develops without break 
in continuity simultaneously with the development 
of the tumor. Its only source of morphological 
inefficiency should be the deranged growth proc- 
esses themselves. Such tumors, however, are usually 
present in large numbers as a result of the cus- 
tomary multiple inoculation and may be subject to 
considerable nutritional competition. Graft tumors 
are usually made singly or at least widely spaced 
on the stem, hence not subject to severe competi- 
tion. We believe that they arise, however, from the 
implant and not from host cells (White and Braun, 
1942). An entirely new vascular connection must 
therefore be established between two traumatized 
surfaces. One might expect such a connection to 
suffer in morphological efficiency from its develop- 
mental discontinuity, yet the tumors produced by 
such a process regularly exceed in size those pro- 
duced by multiple bacterial inoculation (compare 
figs. 2 and 3 with Braun, 1943, fig. 1 C). Still larger 
tumors can be induced by decapitating young stems 
and smearing a bacterial inoculum over the cut 
surfaces. Here the vascular connection develops 
continuously as in the small needle puncture tumors 
yet has a broad anatomical base (the entire ring 
of vascular bundles) and is free from competition 
as in the graft tumors. These galls sometimes reach 
the size of a hen’s egg. A nutritional explanation 
of these differences is reconcilable with the known 
morphological facts only if we assume the develop- 
mental continuity or discontinuity to result in in- 
significant anatomical differences and the factor of 
competition to be of crucial importance. A second 
possibility is that the presence of bacteria along 
with the tumor cells may reduce the vitality of the 
host tissues to a point where their residual growth 
capacity will support only a minimal level of tumor 
development. If this were the case one would ex- 
pect that thermal inactivation of the bacteria would 
result in an increase in the size of tumors produced 
at the site of inoculation. Such an increase does not 
occur so that this explanation appears untenable. 
A third possibility, against which there are no such 
obvious cogent objections, yet in favor of which we 
as yet lack adequate evidence, involves the rather 
obscure property of “virulence.” It is well known 
that certain mammalian neoplasia, which are at first 
difficult to transplant and when grafted produce 


Fig. 1-3. — Fig. 1. Cultures of tissues from tumors of Vinca rosea rendered bacteria-free by heat therapy. Bottom row, 
left, as transferred, thereafter 2, 4, 6, and 8 weeks old. Top row, 12, 14, 16, and 18 weeks. The older cultures are glisten- 
ing white and quite friable. X 1. (Photograph by J. A. Carlile.)— Fig. 2. Tumors formed on healthy plants of Vinca 
rosea as a result of implantation of tissue cultures like those shown in figure 1. Implants were from passage 20. Out 
of twenty-one grafts only 3 (No. 6 and 7 from the left, top row; No, 2, bottom row) failed to “take.” Photograph 
taken six weeks after implantation. X 0.65. (Photograph by J. A. Carlile.) —Fig. 3. Older grafts, twenty-eight weeks 
after implantation. These tumors show considerable dead tissue on the surface and some necrosis. (Photograph by 
J. A. Carlile.) 
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small and relatively benign tumors, undergo a 
change upon repeated passage through fresh hosts 
or after prolonged cultivation in vitro as a result 
of which their “virulence” — their capacity to pro- 
duce tumors on transplantation and the size, per- 
sistence and malignancy of those tumors — is in- 
creased. It is possible that a similar result of in 
vitro cultivation may have taken place in the peri- 
winkle tumors considered in this paper, and that 
the very high percentage of “takes” upon trans- 
plantation as compared to the results of multiple 
bacterial inoculation may represent a real increase 
in virulence of the tumor tissues involved. If sub- 
stantiated this explanation might provide a new 
point of attack for study of the tumefacient prop- 
erty itself. If there is a real increase in virulence 
under in vitro conditions one might reasonably hope 
to determine those conditional variants capable of 
bringing about or preventing such an increase and 
thus learn the nature of the property itself. There 
may, of course, be still other explanations which 
do not immediately suggest themselves. 

One other consideration suggested by this work 
is quite unrelated to the primary problem of tume- 
faction. Vinca rosea belongs to the Apocynaceae 
which are noteworthy among herbaceous plants 
for their production of latex. Some of the large 
cells of tissue cultures obtained from these tumors 
look very much as if they might be latex cells or 


channels. The cultures are remarkable for their 
very rapid growth and the absence of apparent 
necrosis even in very large tissue masses. It seems 
possible that they might prove useful as materials 
in which to study, in vitro and under controlled 
conditions, the mechanisms of latex production. 
In view of the current importance of rubber pro- 
duction problems of all sorts this might be a use- 
ful subject for investigation although it is not 
likely to have the permanent importance that 
attaches to the investigation of tumefaction mecha- 
nisms. 

SUMMARY 

Tissue cultures were isolated from crown-galls 
on Vinca rosea rendered bacteria-free by heat 
therapy. These show a very rapid discoordinate 
growth in vitro and when grafted back into healthy 
host plants produce typical tumors which regu- 
larly exceed in size those generally produced by 
direct multiple needle puncture inoculation of 
tumefacient bacteria. Possible implications of this 
increase in growth capacity of bacteria-free over 
baeteria-containing tumors are discussed. The pos- 
sibility of using these cultures in the study of 
latex and rubber production is also suggested. 

Department of Animal and Plant Pathology, 

The Rockefeller Institute for Medical Research, 
Princeton, New Jersey 
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graph by J. A. Carlile.)— Fig. 5. Transverse section through a tissue culture (fig. 1) showing the loose, open texture, 
characteristic of these cultures. A single scalariform element is visible at the bottom of the picture. There is no evi- 
dent organization and no clearly distinct meristematic centers are visible although the culture was growing rapidly 
when fixed. X 127. (Photograph by J. A. Carlile.)— Fig. 6. Transverse section of tissue culture showing five evenly 
spaced and arcuately arranged pairs of scalariform elements in cross section, and at the upper left a sixth group 
in longitudinal section, bedded in a loose, irregular parenchyma. X 250. (Photograph by J. A. Carlile.)— Fig. 7. 
Transverse section of the region of origin of a graft tumor taken from the center of a section similar to that shown 
in figure 4. Gummy necrotic areas, presumably remnants of the original implant, are visible at the center and upper 
left hand corner of the picture. Normal host xylera at the right hand upper and lower corners. The resemblance be- 
tween this tissue, developed under the mechanical strains present in the growing host stem and that grown in vitro 
where external stresses are at a minimum (fig. 5) is striking. X 127. (Photograph by J. A, Carlile.) 


THE EXTRACTION OF AUXIN FROM TOMATO FRUIT 1 
Wesley P. Judkins 



A number of methods have been reported by 
which auxin may be extracted from plant tissues: 
Went (1928); Thimann (1984), Laibach and Meyer 
(1935); Boy sen Jensen (1936); Linser (1939); 
Avery; Creighton; and Shalucha (1940), Skoog and 
Thimann (1940); Thimann and Skoog (1940); 
Avery, Berger; and Shalucha (1941); Link; Eggers, 
and Moulton (1941); and Avery, Berger, and White 
(1944). The extraction of auxin from green plant 
tissue has been particularly difficult and no entirely 
satisfactory method is available at present. The tests 
reported in this paper were conducted in an attempt 
to secure further information on extraction proce- 
dures in preparation for work on certain horticul- 
tural problems associated with pollination and fer- 
tilization (syngamy) of flowers and growth of fruit. 

Materials and methods. — Skoog’s (1937) “de- 
seeded” Avena test method was used for auxin as- 
says. All yields are expressed in terms of “Total De- 
grees Curvature per gram of fresh tissue (TDC/- 
grn),” following the formula suggested by Avery, 
Creighton, and Shalucha (1941). Except for a few 
tests cited in tables 6 and 8, all tomatoes used in 
these experiments were of the Stone variety. All 
extracts were tested at three dilutions to be sure 
auxin concentrations in the agar blocks were within 
the proportionality range. All yield figures in the 
tables or text are the average of at least duplicate 
racks of twelve Avena test plants. 

An attempt was made from the start to follow a 
semi-micro technique, since a method was desired 
which could be used with small samples of flower 
parts and very small fruit. The samples used in these 
tests varied from 0.5 to 2.0 grams fresh weight. Al- 
though these are not micro quantities, they represent 
smaller samples than those which are commonly 
reported in the literature. 

The drying of organic solvent extracts . — Organic 
solvent extracts of auxins are frequently dried in 
flasks from which the residue is recovered by adding 
water or agar sol. Since the evaporating solvent 
splashes over the inside of the flask, complete re- 
covery of the dried residue is difficult or impossible. 

In order to place the procedure on a somewhat 
more accurate semi-micro basis, a rather simple 
technique for evaporating liquid from organic ex- 
tracts was developed. Figure 1 illustrates the appa- 
ratus used in this procedure. A small Pyrex test tube 
100 X 13 mm. is fitted with a rubber stopper through 
which are inserted two glass tubes. Tube A is con- 
nected to a suction line and causes air to flow in 

1 Received for publication January 13, 1945. 

The author wishes to express his thanks to Dr. F. S. 
Howlett, Ohio Agricultural Experiment Station, who sug- 
gested this problem, and Dr. G. S. Avery, Jr., Brooklyn 
Botanic Garden, for counsel and assistance during the 
course of this investigation. The work was conducted at 
the Ohio Agricultural Experiment Station, the University 
of Connecticut, and Connecticut College, 


through B across the surface of the liquid in the tube. 
The tube may be immersed in a water bath of the 
desired temperature, depending on the solvent being 
evaporated. The first few milliliters of solvent are 
placed in the tube before the rubber stopper and air 
tubes are inserted. As the solvent evaporates, more 
may be added through tube B until the entire sample 
is dry and the residue is left concentrated at the bot- 
tom of the tube. This residue is recovered by adding 
agar sol and stirring thoroughly with a short glass 
rod. 



The use of organic solvents in extracting auxin 
from green tomato fruit . — After considerable ex- 
ploratory work the following general extraction pro- 
cedure was adopted. The fruit tissue was cut into 
%-inch cubes. Samples of 2.0 grams were carefully 
weighed out and placed in a test tube to which 15.0 
ml. of solvent were added. At the end of the extrac- 
tion period, the solvent was poured off and the sam- 
ple rinsed twice with 5.0 ml. of fresh solvent. This 
extract was then evaporated according to the pro- 
cedure outlined in the previous section. Since the 
tomato tissue contained 94.0 to 95.0 per cent water 
there were frequently from 0.5 to 2.0 ml. of water 
extract left in the tube after the more volatile ether, 
alcohol, or acetone had been evaporated. In such 
cases 3.0 per cent agar was used to give a final agar 
block concentration of 1.5 per cent for the Avena 
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Table 1 . The use of organic solvents in extracting auxin from green tomato fruit . Extraction 
from 2.0 grams of fresh car-pel-watt tissue of green tomatoes 4 cm. in diameter , picked from 
vigorous plants in early and mid-July. Samples cut into y & -inch cubes. 


Solvent and treatment of 
samples 

Auxin yield during 
tion periods 

1st 2nd 

18 hrs. 2 days 

extrac- 

3rd 

2 days 

Total 
auxin 
vield 
TDC/ g. 

Acetone at 5°C 

... 430 

275 

290 

995 

Acetone at 36 °C 

... 430 

240 

250 

920 

Acetone with ethanol rinse at 26 °C 

120 

800 

400 

1320 

Acetone with methanol rinse at 26 °C 

... 200 

250 

140 

590 

Dioxane at 26 °C 

0 

0 

0 

0 

Ethyl acetate at 26° C 

150 

0 

0 

150 

Methanol at 26 °’C 

0 

0 

0 

0 

Methanol with acetone rinse at 26 °C 

... 0 

130 


130 

Methanol with ethanol rinse at 26°C 

.... 0 

800 

270 

1070 

Ether at 5°C 

... 150 

0 

0 

150 

Ether at 26 °C 

350 

0 

0 

350 

Ether at 26°C 

. . . 250 

0 

0 

250 

Ethanol at 36°C 

. . . 850 

600 

505 

1955 

Ethanol at 70°C., 4 15-minute periods 




1050 

Ethanol with methanol rinse at 26 °C 

900 

640 

300 

1840 

Ethanol at 26 °C. Auxin yield from one sample in a 
series of extractions, each of 24-hour duration: 

(1) 800, (2) 600, (3) 1000, (4) 550, (5) 700, (6) 674, (7) 

200 


. . . 4525 


test. When samples were evaporated to dryness, 1.5 
per cent agar was used in preparation for the Avena 
test. 

Many different extractions were made of* tomato 
carpel-wall tissue, and the most typical and signifi- 
cant results are reported in table 1. The earliest 
tests were carried out at 5°C. as suggested by van 
Overbeek (1938). It was found, however, that high- 
er yields could usually be obtained if the extraction 
took place at 26°C. Temperatures of 70°C. or 
100°C. did not increase the yield of auxin and usu- 
ally reduced it. 

Table 1 shows that dioxane or methanol alone are 
not suitable as solvents for auxin extraction from 
tomato carpel-wall tissue. Ethyl acetate gave yields 
of approximately 150 to 350 TDC per gram; ace- 
tone, 900 to 1000 ; and ethanol, 1000 to 4500. When- 
ever ethanol was used as a rinse after acetone or 
methanol, the yield was increased over that for ace- 
tone or methanol alone. This, as well as the definite 
superiority of ethanol over all other solvents, indi- 
cates that under the conditions of the present test, 
ethanol is superior to ether, acetone, methanol, diox- 
ane, or ethyl acetate as a solvent for extracting auxin 
from fresh tomato carpel-wall tissue. 

With the exception of ether, the tests of organic 
solvents reported here bear out the observations of 
other workers that several extractions are needed to 
remove all of the hormone from plant tissue. Gus- 
tafson (1939) reported on the extraction of auxin 
with ether from several fruits such as tomato, pep- 
per, cucumber, and bean. His yields from tomato 
carpel wall varied from 36 to 400 TDC per gram, 
with the two highest being 257 to 400. If variations 


in sampling technique, extraction procedure, variety 
and season are taken into consideration, the yields 
compare fairly well with the 250 and 350 TDC per 
gram reported in table 1. One extraction by Gustaf- 
son (1939) from carpel-wall tissue of a tomato fruit 
from a plant low in vigor in the winter yielded only 
2.0 TDC per gram. 

The superiority of alcohol over ether in the pres- 
ent tests is not in agreement with the reported re- 
sults of several other investigators who used other 
plant tissues. Although no conclusive evidence is 
presented to explain this condition, two suggestions 
are offered. It has been pointed out by Thimann and 
Skoog (1940) and by Avery, Creighton, and Shalu- 
cha (1940) that the same extraction methods are 
not equally effective on different plant tissues. A 
comparison of various organic solvents for extract- 
ing auxin from tomato tissue has not previously been 
reported in the literature. It is, therefore, possible 
that the auxin in tomato tissue is more readily ex- 
tracted with alcohol than with ether. 

Another possible explanation of the better yield 
with alcohol may be the process of drying and re- 
covering the extract. The procedure used in the 
present study appears to offer a superior method for 
the rapid drying and complete recovery of auxin 
extracts. This is of particular importance with alco- 
hol, which is more difficult to evaporate than ether. 

Tomato fruit tissue from field grown plants, which 
was dried by grinding with NaoSo 4 , or in a drying 
oven, and subsequently extracted with ether or alco- 
hol, gave yields very similar to those reported in 
table 1. This would indicate that there is little or no 
advantage in drying tomato tissues which are to be 
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Table 3. Variation in auxin content of tomato fruit due to season of harvesting. Extraction at 
26°C. from 2.0 grams of tomato tissue cut into %-inch cubes. 


Auxin yield during Total 

Diameter extraction periods auxin 


Solvent 

picking 

fruit 

Part of fruit 

Ethanol 

7/13 

Carpel wall 

Ethanol 

8/4 

Carpel wall 

Ethanol 

9/18 

Carpel wall 

Ethanol 

8/4 

Placenta and seeds 

Ethanol 

9/18 

Placenta and seeds 

Ethanol 

8/4 

Carpel wall 

Ethanol 

9/18 

Carpel wall 

Ethanol 

8/4 

Placenta and seeds 

Ethanol 

9/18 

Placenta and seeds 


of fruit 
in cm. 

1st 

18 hrs. 

3nd 

3 days 

3rd 

3 days 

yield 

TDC/g. 

4.0 

850 

600 

505 

1955 

4.0 

380 

0 

0 

380 

4.0 

0 

0 

0 

0 

4.0 

3700 

500 


4300 

4.0 

850 

330 


1180 

3.0 

400 

300 

0 

700 

3.0 

0 

0 

0 

0 

3.0 

3400 

400 


3800 

3.0 

700 

0 


700 


extracted with organic solvents unless the tissue is 
to be stored for future extraction. 

Variation in auxin content of tomato fruit due to 
season of harvesting. — Although considerable care 
was taken to use similar samples of tomato fruit 
material week after week, it soon became evident 
that fruit harvested in the latter part of the season 
contained less auxin than similar fruit harvested 
earlier in the year. This observation is borne out by 
the data in table 2, when ethanol was used as an 
extracting solution. Table 3 shows a similar down- 
ward trend in auxin from tomato tissue which was 
dried and later extracted with an alkaline water solu- 
tion at pH 10.0. 

This seasonal variation must be borne in mind 
when an attempt is made to compare data from ex- 
tractions made at different times during the year. 

Alkaline hydrolysis extraction: effect of tempera- 
ture and rapidity of drying tomato tissue on the yield 
of auxin . — The use of organic solvents did not seem 
to give immediate and complete extraction of auxin 
from tomato tissue, and a series of tests were there- 
fore conducted using the alkaline hydrolysis method 


reported by Avery, Berger, and Slialuclia (1941). 
Several attempts had been made previously to use 
this type of water-extraction technique with fresh 
tomato fruit, but the auxin yields had been low and 
variable. Thimann and Skoog (1940) also reported 
poor results when fresh samples of Lemna leaves 
were extracted in boiling water at different pH 
levels. 

The use of the alkaline hydrolysis method with 
dried tomato tissue (table 3) gave higher yields than 
were secured with organic solvents. The preliminary 
tests were conducted at pH 10.0, an alkalinity simi- 
lar to that used by Avery et al. (1941) with corn 
endosperm. 

The data in table 3 indicate that the faster the 
sample of tomato fruit was dried, the greater the 
yield of auxin obtained on subsequent extraction. 
This result was secured in all tests irrespective of 
the date upon which the fruit was harvested. 

The drying of watery tomato fruit tissue involved 
several problems. Drying at 40 °C. was done by cut- 
ting the sample into %-inch cubes and then placing 
them in open petri dishes in a drying oven. The rate 


Table 3. Alkaline hydrolysis extraction: auxin yields from tomato fruit in TEC /g. following 
drying for different lengths of time and at different temperatures. Extraction for 18 hours 
at 26° C. of 2.0 grams (fresh weight) of ground tissue in water at pIT 10.0. All extracts 
adjusted to pH 5.8 for Avena test. Duration and temperature of drying. 


Fruit size and date 
harvested 

Fresh 
sample 
(un dried) 

34 hours 
at 40 °C. 

90 hours at 
40°C. ,* 15 min. 
at 110°C. 

50 minutes 
at 110°C. 

3.-3. cm. diameter, July 30 

3850 

3180 

3300 

7680 

As above, second test 

. 4150 

o 

00 

3460 

8040 

Average 

4000 

3380 

3330 

7860 

Fruit size and date 



9 hours 

30 minutes at 

harvested 



at 105 °C. 

100-180°C. 

3.0 cm. diameter, September 14. . 



300 

993 

As above, second test. ....... 



490 

1050 

As above, third test 



397 

818 

Average 



349 

930 
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Table 4. Alkaline hydrolysis extraction: effect of pH of extracting solution on the yield (in 
TDO/g.) of auxin from dried tomato fruit. Samples consisted of 2.0 grams (fresh weight) 
of tomato fruit 2. 0-3.0 cm. in diameter , dried for 80 minutes at 100° 0., and ground to a 
powder. Extraction with 3.0 ml. of water for 18 hours at 26°C. at pH values indicated 
below. All extracts adjusted to pH 5.8 for A vena test. Fruit picked July 30. 


'£ es t pH of tissue and solution during extraction period 

number 4.1 4.6 6.1 9.5 11.8 


1 

1800 

5700 

5190 

4000 

6000 

5 

1980 

5760 

5880 

4180 

7080 

3 

1700 

5600 

5760 

3800 

6960 

Average 

1857 

5683 

5610 

3990 

6680 


of drying was ratlier slow even when the samples 
were spread in a thin layer and stirred occasionally. 
Considerable difficulty was also experienced by the 
tissue sticking to the bottom of the dish. As the tem- 
perature of the drying oven was increased, the stick- 
ing became even more serious. The problem was 
solved by cutting the tomatoes into thin slices which 
were threaded on fine stiff wires and then suspended 
horizontally in the drying oven. This technique re- 
sulted in free circulation of air around the samples, 
extremely rapid drying, and practically no sticking 
of tissue to the wires. 

Alkaline hydrolysis extraction : effect of pH of 
extracting solution on the yield of auxin from dried 
tomato fruit. — Several series of tests were conducted 
to determine what pH value of the extracting solu- 
tion would give the highest yields of auxin. The re- 
sults of this investigation are summarized in table 
4. The pH values recorded in the table were secured 
by adding 1 N H2SO4 or 1 N NaOH to the water in 
which the ground tissue was suspended. During the 
extraction period the pH of the more alkaline solu- 
tions gradually dropped, due to the acid nature of 
the tomato tissue which is highly buffered at pH 4.6. 
The pH values recorded in table 4 were those at the 
end of the extraction period. 

From the data in table 4 it may be seen that the 
smallest amount of auxin was extracted with the pH 
4.1 solution. Significantly more auxin was removed 
at pH 4.6 and 6.1, followed by still further increases 
as the solution became alkaline. The maximum yield 
was reached at pH 11.8. The addition of an excess 


of NaOH beyond pH 11.8 reduced the amount of 
auxin which was extractable. The solution at pH 
11.8 which gave the highest yields consisted of two 
parts Clark's borate buffer pH 9.6 and one part 1 N 
NaOH. This solution was used at the rate of 3.0 
ml. to 2.0 gm. (fresh weight) of ground, dried tissue. 

Alkaline hydrolysis extraction : the effect of tem- 
perature and duration of extraction period on the 
yield of auxin from dried tomato fruit. — After the 
optimum conditions for drying the sample and the 
best pH values for extraction had been determined, 
the temperature and duration of the extraction pe- 
riod were studied. In the original discussion of the 
water extraction procedure, Avery et al. (1941) re- 
ported that heating at 100°C. for 15 minutes was 
the most effective treatment for corn endosperm. 
With dried tomato fruit tissue a lower temperature 
gave better results. 

The data in table 5 show that higher yields were 
obtained at 26 °C. than at 65° or 100°C. These re- 
sults are similar to those secured when organic sol- 
vents were used with fresh tissue. The data also 
show that about 75 to 80 per cent of the auxin is 
liberated after only 5 to 10 minutes exposure to the 
solvent. Maximum yields were obtained by an 18- 
hour exposure to the alkaline water solvent at 26 °C. 
Table 7 substantiates the above data for fruit picked 
on September 18, and in addition shows that a 40- 
hour exposure at 26° C. resulted in lower yields of 
auxin than did exposures for 1 or 18 hours at the 
same temperature. It will be noted in this table that 
the yields after 1 and 18 hours exposure are identi- 


Table 5. Alkaline hydrolysis extraction: the effect of temperature and duration of extraction 
period on the yield (in TDC/g.) of auxin from dried tomato fruit. Extraction with 3.0 ml. 
of water at pH 11.8 from 2.0 grams (fresh weight) of tomato fruit 2.0 to 3.0 cm. in diame- 
ter, dried for 80 minutes at 100° C., and ground to a powder. Solution of pH 11.8 secured 
by using two parts Clark's borate buffer pH 9.6, plus one part 1 N NaOH. All extracts 
adjusted to pH 5.8. Fruit picked July 30. 


Duration of extraction period and temperature of solvent 


Test 

number 

5-10 min. 
at 26 °C. 

45 min. 
at 26°C. 

18 hours 
at 26 °C. 

20 min. 
at 65 °C. 

55 min. 
at 100°C. 

1 

4500 

6000 

6450 

4400 

3680 

5 

4800 

5580 

6750 

3540 

4580 

3 

5580 

5700 

6480 

3660 

3900 

Average 

4860 

5660 

6540 

3767 

3953 
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Table 6. Ether extraction of auxin from water extracts of tomato fruit tissue. All samples dried 
at 160° -180° C. for 30-40 minutes and ground to a powder. First extraction in each case 
was with 3.0 ml. water at pH 11.8 from 2.0 grams of tissue ( fresh weight). Extract cleared 
of ground tissue by filtering through glass wool , followed by adjusting to pH 5.8 for Arena 
test Ether extraction of water extract consisted of washing 1.0 ml. with four 4 ml. volumes 
of ether followed by drying and. mixing with agar for Avena test. Fruit picked September 18. 


Auxin 

yield 

Tomato variety and treatment TDC/g. 


Mingold, 2.3-2.6 cm. diameter, extracted 18 hours at 26°C 1230 

Ether extract of above water extract 1725 

Mingold, 4.2-44 cm. diameter, extracted 18 hours at 26°C 1475 

Ether extract of above water extract 2750 

Cherry, 1.2 cm. diameter, extracted 18 hours at 26°C 2750 

Ether extract of above water extract 4800 

Cherry, 2.0 cm. diameter, extracted 18 hours at 26 °C 1250 

Ether extract of above water extract . 2600 


cal. This was also true in a number of other tests, 
but usually there was a slight increase in yield when 
the extraction period was for 18 hours. By using 
this longer period the samples can be weighed out 
and the extraction started on the afternoon of the 
day before the Avena test is conducted. This gives 
more time for the final steps in the process and seems 
to make the whole procedure more satisfactory and 
easier to carry out. 

Purification of auxin extracts. — In his original 
ether extraction method, Bovsen Jensen (1936) felt 
that at least partial purification of the extract was 
necessary. Goodwin (1939) presented similar con- 
clusions. 

In the course of the investigation being reported 
here, several series of extractions were “purified” 
according to the general procedure of Boysen Jen- 
sen, who washed his samples with ether. Such tests 
were employed as a means of detecting the presence 
of inhibitors in the water or ethanol extracts. 

When the ethanol was evaporated from ethanol 
extracts of fresh tomato-fruit tissue, there usually 
remained several milliliters of a water extract. On 
several occasions part of this water extract was 
tested for auxin content directly, and another por- 
tion was washed with ether, and then the ether ex- 
tract was dried and tested along with the water ex- 
tract remaining after the above washing. In all cases 
the original water extract and the ether extraction 
from the water gave similar yields of auxin. The 
water, left after the ether extraction, exhibited no 
auxin activity. This would indicate that no inhibitors 
were present in the ethanol extract or, if present, 
they were equally soluble in ether and ethanol. 

The water extracts were washed or extracted with 
ether by adding 5.0 ml. of ether to 1.0 or 2.0 ml. of 
water extract in a test tube. The entire contents of 
the tube were then repeatedly drawn into a 10.0 ml. 
pipette and forced out rapidly to break the water 
extract into fine droplets in the ether. The material 
was finally drawn into the pipette and held while the 
water settled out. The water extract was allowed to 


drain back into the test tube and the ether extract 
was evaporated to dryness. The water extract w r as 
washed with four changes of ether as outlined above. 

In another test of an ethanol extract, sufficient 
indoleacetic acid was added to one sample to give 
an additional calculated 1000 TDC per gram of 
original extract. The Avena tests in this case indi- 
cated 300 TDC per gram for the original extract 
and 1400 TDC per gram for the extract plus indole- 
acetic acid. These results indicate that either no in- 
hibitors are present or that they have no additional 
inhibiting effect on the indoleacetic acid. 

Similar tests were conducted with water extracts 
of dried tomato tissue. One-milliliter portions of the 
water extracts were washed with ether, as previ- 
ously discussed for the ethanol extract. As indicated 
in tables 6 and 7, such ether extracts gave appreci- 
ably higher auxin yields than the original extract. 
When the ether was used with an alkaline water ex- 
tract, no auxin was dissolved by the ether. When the 
water extract was acidified, the auxin yield of the 
dried ether extraction was from 25 to 100 per cent 
higher than the original water extract. 

The superiority of the ether extracts over the 
original water extract might suggest the presence 
of an inhibitor, although it is not conclusive evidence 
on the matter. The water extracts from the dried 
tissue were dark brown in color and, no doubt, con- 
tained many impurities. The solutions were cleared 
of ground plant tissue by centrifuging or by filtering 
by suction through a pad of grass wool in a small 
funnel, but this did not remove dissolved impurities 
in the extract. Agar blocks containing these extracts 
were cloudy and discolored. Agar blocks containing 
the dried residue of the ether extractions were clear. 
The diffusion of auxin through the cloudy block with 
the apparently large quantity of impurities may 
have been slower than in the clearer blocks obtained 
following the ether extraction procedure. 

Enzymatic liberation of auxin from dried tomato 
fruit tissue.- — The use of proteolytic enzymes in the 
water extraction of auxin from plant tissue was re- 
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Table 7. Enzymatic liberation of auxin from dried tomato fruit tissue. Samples consisted of 
2.0 grams of tissue ( fresh weight) dried at 160°-180°C. for 30-40 minutes. Solvent in each 
case had a total volume of 3.0 ml, adjusted to the pH indicated with 1 N NaOJI. Enzymes 
consisted of 1.0 mg. in above volume of solvent. All fruit was 2.0 to 3.0 cm. in diameter. 


Treatment 


Auxin 

yield 

TDC/g. 


Fruit picked July 30 

Water at pH 11.8; 24 hours at 40°C 3300 

Chymotrypsin at pH 8.0; 24 hours at 40°C 7000 

Papain at pH 4.0; 24 hours at 40° 3400 

Trypsin at pH 8.0; 24 hours at 40°C 1500 

Water at pH 11.8; 12 hours at 26°C 6700 

Chymotrypsin at pH 8.0; 12 hours at 26°C 4500 

Papain at pH 4.6; 12 hours at 26°C 2400 

Water at pH 11.8; 15 hours at 26°C...... 7000 

Chymotrypsin at pH 8.0; 15 hours at 26°C 6400 

Papain at pH 4.6; 15 hours at 26°C... 2800 

Fruit picked September 18 

Water at pH 11.8; 40 hours at 26°C 1800 

Ether extract of above water extract 2200 

Water at pH 11.8; 18 hours at 26°C 3000 

Ether extract of above water extract 3400 

Water at pH 11.8; 1 hour at 26°C 3000 

Ether extract of above water extract. 3500 

Chymotrypsin at pH 8.0; 40 hours at 26°C 2700 

Chymotrypsin at pH 8.0; 18 hours at 26°C 2400 


ported by Skoog and Thimann (1940). Several se- 
ries of tests were conducted in the present investi- 
gation to study their effectiveness when used with 
dried tomato-fruit tissue. The extraction procedure 
was similar to that used in the alkaline hydrolysis 
tests. Two grams (fresh weight) of dried tissue were 
used in each test., plus 3.0 ml. of solvent. The sol- 
vent consisted of water plus 1.0 mg. of enzyme 
adjusted to the pH value at which the enzyme was 
known to be most active. This provided optimum 
conditions for each different enzyme as follows: 
chymotrypsin, pH 8.0; trypsin, pH 8.0; and papain, 
pH 4.6. At the end of the extraction periods the 
solutions were cleared of ground tissue by centrifug- 
ing or filtering through glass wool. The pH w T as then 
adjusted to 5.8 for the Avena test. 

The results of the enzyme extraction experiments 
are recorded in table 7. In these tests trypsin and 
papain did not give as high yields of auxin under 
any condition of temperature or exposure as did an 
alkaline water solution at pH 11.8. At 40 °C. the 
chymotrypsin at pH 8.0 and water at pH 11.8 gave 
approximately equal yields from fruit picked on 
July 30. Chymotrypsin solution was slightly less 
effective than the alkaline water solution for ex- 
tracting auxin from the fruit harvested on Sep- 
tember 18. 

The above results seem to justify the conclusion 
that trypsin and papain will not increase the yield 
of auxin from dried tomato tissue. The extraction 
of dried tomato-fruit tissue with chymotrypsin solu- 


tion at pH 8.0 gave equal or slightly lower yields of 
auxin than alkaline water at pH 11.8. 

Auxin extraction from differe?it sizes and varie- 
ties of tomato fruit. — The tests reported in this 
paper indicate that auxin may be extracted from 
dried tomato-fruit tissue by the use of a modification 
of Avery’s alkaline hydrolysis procedure. In order 
to make a preliminary application of these findings 
to a problem of horticultural interest, a number of 
extractions were made to determine the variation in 
hormone content between different varieties and 
sizes of tomato fruit. 

The standard extraction procedure used in these 
tests was as follows. As soon after picking as pos- 
sible the fruits were cut into thin slices, weighed, 
and placed on wires in the drying oven at 160° to 
180°C. When drying was completed after 30 to 40 
minutes, the slices were placed in weighing dishes, 
cooled in a desiccator, and weighed for dry-weight 
determinations. The dry samples were then ground 
to a fine powder and returned to the desiccator until 
needed for extraction. 

On the day before the Avena test was to be car- 
ried out a 2.0 g. sample (fresh weight) of tissue to 
be extracted was placed in a test tube and 3.0 ml. 
of a mixture of 2 parts Clark’s borate buffer pH 9.6 
and 1 part 1 N NaOH was added. After carefully 
mixing the ground tissue and extracting solution, the 
samples were placed at a constant temperature of 
26 °C. for 18 hours. In the writer’s laboratory the 
extractions were started at 2:00 P.M. At 8:00 A.M. 
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Table 8. Auxin extraction (in T DC /g.) from (liferent sizes and varieties of field grown 
tomato fruit. Samples dried at 160° -180° C . for 30 to If) minutes and ground to powder. 
Two grams of tissue (fresh weight) extracted with 3.0 ml water at pH 11.8 for 18 hours 
at 36° C. Water extract , cleared of ground tissue by filtering through glass wool, adjusted 
to pH o.8 and 1.0 ml. extracted with four 4 ml volumes of ether. Each figure represents 
the average of duplicate racks of 12 A vena plants tested on at least 3 different dags from 
a new extraction on each dag. Fruit picked September 18. 


Part of fruit extracted 


Fruit diameter 
in cm. 

Stage of 
maturity 

Entire 

Placenta 
and seeds 

Carpel 

wall 


Stone (red) variety of tomato 


1.5 

green 

800 

1020 

300 

3.0 

green 

935 

2350 

260 

5. 0-5.5 

green 

1735 

2197 

340 

5. 0-5. 5 

half ripe 


1260 

260 


Mingold (yellow) 

variety of tomato 


2.3 -2.6 

green 

1725 



4.2- 4.4 

green 

2750 



5.0 -5.5 

green 

660 




Sugar (Cherry) variety of tomato 


1.2 

green 

4800 



1. 8-2.0 

green 

2600 



2.1 

half ripe 

1100 




the following morning the solutions were cleared of 
the ground material by filtering through glass wool 
and the pH was adjusted to pH 5.8. One milliliter 
of the extract was then washed four times with 4.0- 
ml. volumes of ether. The ether extract thus secured 
was dried at 50 °C., and sufficient 1,5 per cent agar 
was added to give the proper dilution for the Avena 
test. Three different dilutions of each sample were 
made to be sure the results were within the propor- 
tionality range. 

Table 8 presents the summarized results of a num- 
ber of extraction tests from different sizes and varie- 
ties of tomato fruit. The fruit was all picked on the 
same day and dried and extracted under identical 
experimental conditions. The results of these tests 
furnish further evidence that the modified alkali- 
hydrolysis method presented here offers the best 
procedure for auxin extraction from tomato fruit 
tissue which has been published up to the present 
time. It is not suggested that the method extracts 
the total amount of auxin and precursor which is 
present in the tomato, but the yields are definitely 
higher than any previous reported. 

This method has several advantages in addition 
to higher auxin yields. The tissue from which the 
extraction is made is dried and therefore relatively 
stable. The extraction may he made from the dried 
samples over a period of several weeks which makes 
it possible for one person to test several types of 
tissue at different stages of development which 
would be difficult or impossible if all extractions 
had to be made from fresh material. 

The data in table 8 show that differences in the 
auxin content of similar tissues were determined by 
alkali-hydrolysis extraction of dried samples and 


indicate that the highest auxin content per gram of 
fresh tissues of the Stone variety of tomato is when 
the fruit is from 3.0 to 5.0 cm. in diameter. This 
period of highest auxin content corresponds very 
closely to the period of most rapid growth as re- 
ported by Judkins (1940). Similar trends in auxin 
content are also exhibited in Mingold and Sugar 
varieties. The data for the Sugar variety in table 8 
might not seem to bear out this statement, but this 
is a small-fruited tomato which is slowing down 
markedly in its growth rate by the time it is 2.0 cm. 
in diameter. 

SUMMARY 

A method is described for the rapid drying (in 
test tubes) and complete recovery of organic solvent 
extracts of auxin. 

The use of ethanol as a solvent in the extraction 
of auxin from fresh tomato tissue gave higher yields 
than ether, acetone, methanol, dioxane, or ethyl 
acetate. 

A number of successive extractions of the same 
sample of tissue are necessary to secure all of the 
extractable auxin with ethanol, ether, or acetone. 
Methanol, dioxane, and ethyl acetate gave very low 
or no yield of auxin at the first extraction and no 
further yields on subsequent extractions. 

The extraction of auxin from dried tomato tissue 
by the use of water at pH 11.8 for 18 hours at 26 °C. 
was found to give higher yields than any other 
method used by the author, or previously reported 
in the literature. When the above extract was ad- 
justed to pH 5.8 and extracted with ether, the yield 
of auxin was increased still further. The above 
method is presented in detail and used in a brief 
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study of the auxin content of different sizes and 
varieties of tomatoes. 

The more rapidly the tomato tissue was dried in 
preparation for the above extraction technique, the 
higher was the subsequent yield of auxin. A method 
of drying tomato tissue on wires at a temperature of 
160°-T80°C. was developed and gave excellent re- 
sults in the above mentioned alkali-hydrolysis meth- 
od of auxin extraction. 

The use of chymotrypsin in the extraction of 
auxin from dried tomato tissue gave yields equal to, 
or slightly lower than, water at pH 11.8. Papain 
was approximately one-half and trypsin one-fourth 
as effective as chymotrypsin. 

The hormone content per gram of fresh tissue of 


tomato fruit was found to be highest during the early 
part of the season when the plants were growing 
vigorously, and lowest toward the end of the season 
when the plant growth was slower. 

A brief study of different sizes and varieties of 
tomato fruit shows that the alkali hydrolysis method 
proposed in this report gave a quantitative index of 
the variation in hormone content. The highest yields 
of auxin were obtained during the period of most 
rapid increase in fruit size. This condition is the 
same for Stone, Mingold, and Sugar varieties of 
tomato. 

Department of Horticulture, 

Ohio Agricultural Experiment Station, 

Wooster, Ohio 
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THE ANATOMY OF LEAF ABSCISSION AND EXPERIMENTAL DEFOLIATION 

IN GUAYULE 1 

Fredrick T. Addicott 


The leaves of guayule ( Parthenium argentatum 
A. Gray) contain relatively low amounts of rubber. 
They also contain appreciable amounts of materials 
that lower the quality of milled rubber when the 
leaves are left on the shrub during milling. Hence 
defoliation is a desirable step in the improvement 
of the milling process. Several methods of defolia- 
tion have been under consideration: one involves 
flash-drying followed by tumbling; another consists 
of immersing the plants in boiling water for a few 
minutes* after which the leaves fall olf with a slight 
agitation; a third possibility was developed from 
experiments with the retting of intact shrubs. The 
anatomical aspects of these processes were studied. 
Since very little was known of the anatomy of leaf 
abscission in guayule, it was considered advisable 
first to investigate this process in field plants. The 
results of both phases of the investigation are re- 
ported in this paper. 

There is a considerable body of knowledge con- 
cerning the physiology and anatomy of leaf abscis- 
sion. Pfeiffer (1928) in his review of the subject 
gives a list of citations covering 18 pages. How- 
ever, there appears to have been very little work 
done on plants such as guayule whose abscission 
layer does not function actively in leaf fall. Cer- 
tain of the anatomical changes that take place at 
the petiole base of Rhus typhina (Lee* 1911) and 
Mercurialis annua (Yampolskv* 1934) as well as 
in the perigone and style of Narcissus pseudonar- 
cissus (Namikawa* 1926) are similar to those at the 
petiole base in guayule. Artschwager (1943)* in his 
anatomical study of guayule* did not consider the 
abscission of leaves; however* Lloyd (1911) refers 
briefly to the environmental conditions affecting 
leaf-fail as well as to the absciss layer of leaves. 
The absence of details on the anatomy of leaf-fall 
in guayule* the general lack of information on simi- 
lar plants* and the need for knowledge fundamental 
to the development of methods of defoliation justi- 
fies a careful examination of the problem in this 
plant. 

Materials and methods. — Leaf bases of field 
plants were obtained from the Hansen and Lee 
Field of the Salinas* California, plantings of the 
Emergency Rubber Project. The plants were two 
years old; the field was irrigated. Samples from 
flash-drying and retting experiments were obtained 
through the courtesy of the Guayule Rubber Ex- 
traction Research Unit. Samples for the study of 
the action of hot water in defoliation were obtained 
from small-scale experiments carried on in the labo- 
ratory with material from field plants. Tissue 

1 Received for publication January 20, 1945. 

The writer wishes to express his appreciation to Miss 
Margaret A. Ewing and Mrs. Jeanne B. Pankhurst for 
their wholehearted assistance in this work. 


was fixed in formalin-propionio-ethanol (Johansen* 
1940)* sectioned in paraffin* and stained by the 
safranin-hematoxylin method of Esau (1944). 

Definition of terms. — Abscission — a natural 
process by means of which an organ is shed. 

Defoliation — this term is used variously in the 
literature* but in this paper it is restricted to indi- 
cate the artificial removal of leaves; that is, the 
removal of leaves by agents under the control of 
man. 

Abscission layer — a layer which develops at the 
base of an organ and which assists in either the 
separation of the organ or the protection of under- 
lying tissues* or both. 

Abscission zone — a region of weakness at the 
base of the petiole of guayule. When a leaf sepa- 
rates from the stem the break occurs within this 
zone. The cells of the abscission layer form only 
a part of the abscission zone. 

Leaf abscission in the field. — Lloyd (1911) 
briefly described the cycle through which the leaves 
of guayule pass. He considered the shrub semi- 
deciduous because* although the leaves are never 
all shed at one time* there are periods of greater 
and lesser fall. The principal leaf-fall occurs dur- 
ing the autumn months. By February a relatively 
static situation has been reached with clusters of 
small winter leaves remaining at the tips of the 
branches. These terminal leaves are shed soon after 
the resumption of shoot growth in the spring so 
that under field conditions in Salinas all of the pre- 
ceding season's leaves have fallen by the end of 
May. The expression “leaf fall" as used here does 
not imply* however* that the leaves drop from the 
plant readily. Under many circumstances they may 
die and remain attached to the stem indefinitely. 
Wind* other external forces* and the enlargement 
of the stem in growth would appear to be the prin- 
cipal agencies by which dead leaves are ultimately 
removed from the plants. 

Lee (1911) credits von Mohl with pointing out 
that there are two sets of phenomena connected with 
leaf-fall: separation and protection . In guayule 
there is no physiological mechanism of separation 
but there are* on the other hand* distinct anatomical 
mechanisms for protection. Before the leaf falls 
the following structural changes occur: the resin 
canals which join the petiole and the cortex become 
plugged with a mass of parenchyma (fig, 4-6) ; an 
abscission layer differentiates across the parenchy- 
matous tissues (fig. 5-7) ; and the cells of this layer 
adjacent to the leaf trace begin the obliteration of 
the conductive tissues (fig. 6* 8). No indication of 
digestion of middle lamellae or of cells to bring 
about the separation of the leaf was observed. The 
details of the anatomical changes during the de- 
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velopment of the protective tissues at the site of 
the future leaf-scar are described below. 

In longitudinal sections through the base of the 
petiole and adjacent stem the most conspicuous 
structures are the leaf trace, resin canals and ab- 
scission layer (fig. 2-7). The leaf bundles in the 
petiole are accompanied by abaxial and adaxial 
groups of fibers as are the leaf traces in the stem. 
However, these fibers are lacking in the region of 
union between the petiole and stem. Lee’s (1911) 
figures show many similar cases in other species. 
In the petiole there are usually three but sometimes 
five bundles. Each is paralleled by two resin canals. 
One canal is located abaxially and the other adaxi- 
ally to each bundle about midway between the bun- 
dle and the epidermis. Those on the adaxial side 
come to a finely tapered end just short of the base 
of the petiole and do not connect with the canals in 
the cortex (fig. 3). The resin canals accompanying 
the veins on their abaxial sides continue into the 
cortex (fig. 3). However, these canals become 
plugged with a mass of parenchyma by the time the 
leaf is fully matured (fig. 4-6) . Tlius the resin 
canal systems in the mature leaf have no connection 
with those in the cortex. 

The resin canal plug develops relatively early 
in the ontogeny of the leaf. It has not been pos- 
sible to determine from external criteria the stage 
in which it appears but it is present soon after the 
leaf may be considered fully expanded or mature. 
Its development is apparently rapid. Of more than 
100 leaf bases collected and sectioned with the hope 
of finding intermediate stages in the development 
of resin canal plugs, only a few early stages were 
found (fig. 4). For the most part the resin canals 
were either open (fig. 3) or had a well developed 
plug (fig. 5, 6). Limited observations suggest that 
the resin canal plug develops by the enlargement 
and division of cells lining the canal. At first the 
plug is entirely parenchymatous, but later the cen- 
tral portion becomes suberized and forms a part of 
the abscission layer (fig. 5, 6). The plug may be 
similar in nature to the “pseudo-tyloses” described 
by Lloyd (1911) which consist of groups of cells 
varying from small protuberances made up of one 
or two cells to masses blocking the canals. Lee 
(1911) presents a figure of Rhus typhina which 
shows a resin canal plug similar to that in guayule, 
but he does not discuss this structure in his text. 

The function of the resin canal plug would ap- 
pear to be largely protective, in both preventing the 
loss of resin and the possible entry of pathogenic 
organisms after the leaf has fallen. The presence of 
the plug in the resin canal adds to Lloyd’s (1911) 
observation that there are many independent resin 
canal systems in guayule. For the latter part of the 
life of the leaf its resin canals have no connection 
with any of the canals in the rest of the plant. A 
somewhat similar situation exists in the genus Picea 
where Plavsic (1934) has found no union between 
the resin canals of the leaf and those in the cortex. 

The beginnings of the abscission layer were de- 


tected at an early stage in its development (fig. 5). 
Microchemical tests with Sudan IV and oil blue 
NA indicated that suberin was present in this layer 
as early as in the adjacent periderm. As in the 
olive (Hewitt, 1938) and probably many other 
species, the abscission layer develops simultane- 
ously with the periderm in the surrounding cortex. 
The suberized cells of the abscission layer are simi- 
lar in appearance to those of the phellem develop- 
ing from the pliellogen. However, the abscission 



Fig. 1-2. — Fig. 1. Sketch of leaf and adjacent stem. 
% natural size. — Fig. 2. Diagrammatic median longitudi- 
nal section through the base of the petiole and adjacent 
stem. Magnification about 30 X. 


layer develops by the differentiation of already ex- 
isting parenchyma cells (fig. 5-7). Therefore the 
shape of its cells is less regular than that of peri- 
derm cells. A phellogen was not detectable on the 
inner side of the abscission layer until after the 
leaf had died. No instance has been observed in 
which the cells of the abscission layer were ori- 
ented so that they might present a continuously 
smooth surface for a future leaf scar. Adjacent to 
the phloem the abscission layer increases in width 
and develops the shape of a lens (fig. 6). By the 
time the leaf is yellow' the lens is quite conspicuous 
(fig. 8). The pressure of enlarging cells leads to 
compression of the phloem. Sections have been ob- 
served in which the width of the phloem has been 
reduced at least thirty per cent. It is possible that 
this phenomenon may be in part responsible for 
the death of the leaf. 

Examination of the scars left by recently fallen 
leaves disclosed further development of the abscis- 
sion layer in the leaf trace. Xylem parenchyma and 
adjacent cells in the cortex enlarge and deposit 
suberin in their walls. This occurs a short distance 
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inward from the surface of the scar (fig. 9, 10). 
Sealing of the xylem appears to be accomplished 
through the resorption of vessels by the adjacent 
parenchyma cells as they enlarge (fig. 10). At the 
surface of a scar there is a region of dead tissue 
and more or less intact xylem. Collapse and resorp- 
tion of the vessels increases inwardly to a point 
where they are barely detectable. Below this point 
vessels can be found again (fig. 9, 10). No crush- 
ing or tearing of vessels was observed in the abscis- 
sion zone. Rather the vessels appeared to have been 
softened and eroded by the developing abscission 
layer, and the wall materials of the vessels incor- 
porated in the walls of the layer. As the vessel 
walls are resorbed the adjacent cells enlarge and 
fill the space formerly occupied by the vessels. The 
position of the former vessels can usually be de- 
tected by local thickenings of the suberized walls 
of the former parenchyma. Such thickenings have 
often been seen to be continuous with more or less 
intact vessels adjacent to the region of resorption. 
After the leaf is dead a phellogen appears along 
the inner margin of the abscission layer. This leads 
to the development of a periderm to the inside of 
the abscission layer which is continuous with the 
periderm in other parts of the stem. At the site of 
the scar there are therefore the protective tissues 
of a suberized abscission layer and a periderm 
which appears immediately beneath it. 

Only two indications of resorption of vessels have 
been found in the literature consulted. Namikawa 
(1926) recorded the observation of crushed tra- 
cheids in Narcissus pseudo-narcissus. Yampolsky 
(1934) shows a figure of Mercurialis annua which 
seems to indicate that the xylem has been resorbed,, 
but he does not discuss this aspect of the figure. It 
seems possible that the phenomenon of vessel re- 
sorption may be much more widespread than is now 
apparent. 

Examination of leaf scars always discloses a sur- 
face of broken cells (fig. 9). The break usually 
passes through the abscission zone at the base of 
the petiole just external to the abscission layer. 
Often a few cells of the abscission layer are car- 
ried away with the falling leaf, but the continuity 
of the layer is seldom broken. A few instances have 
been observed in which the break occurred in the 
petiole several millimeters from the stem. Usually 
the break occurs in a well defined zone at the base 
of the leaf. Here the petiole is flattened and clasp- 
ing, and the strengthening fibers associated with 
the leaf trace in the stem and leaf bundle in the 
petiole are lacking (Eames and MacDaniels, 1925). 
Thus the break does not involve any well defined 
layer, but may pass through any part of a region 
of weakness. This region is called the abscission 
zone. 

Discussion.— Whether leaf fall in guayule should 
be considered a process of abscission, in the sense 
usually understood may be questioned. Observa- 
tions of field material indicate that leaf fall occurs 
only after the death of the leaf and after the tissues 


have become more or less brittle. The abscission 
layer is not oriented so as to present a smooth sur- 
face for the leaf scar, and usually is not involved 
in the break that occurs when the leaf falls. Fur- 
thermore, no evidence was found of physiological 
activity at the abscission layer such as the digestion 
of middle lamellae, cell walls or layers of cells. 

Namikawa (1926) has suggested the term ex- 
foliation to cover cases of this type. His definitions 
follow: “The term exfoliation is to be understood 
as implying the falling of a certain organ, being 
preceded by the death of it, and accomplished by 
the mechanical rupture of dead tissue. . . . Abscis- 
sion means, on the other hand, the amputation of 
an organ by means of isolation of living cells in a 
special separation-layer usually predetermined in 
a certain part of the organ.” Namikawa’s distinc- 
tions between exfoliation and abscission may be 
more artificial, at least when applied to leaves, than 
a cursory examination would indicate. The process 
of abscission in guayule does fit his definition of 
exfoliation. On the other hand, the anatomical 
structures involved with leaf fall closely resemble 
the layers concerned with abscission in many other 
plants (Eames and MacDaniels, 1925; Hewitt, 
1938). Guayule, therefore, does not fit completely 
into either of Namikawa’s categories. Thus in con- 
sidering the phenomenon of leaf fall it is suggested 
that we retain the use of the word abscission in its 
original and broad sense to apply to ail cases. 
Within this single category there would be many 
variations, among which guayule is only one. 

Of the two functions of abscission layers, separa- 
tion and protection, only one is shown by the abscis- 
sion layer of guayule. The function of this layer 
appears to be entirely protective. It is well suber- 
ized before the leaf falls, and completely covers the 
entire area of the scar, including the resin canals 
and leaf traces. No evidence of its physiological 
activity in separation was observed. However, the 
development of the abscission layer may have indi- 
rect physiological effects especially through its 
constriction of the phloem. 

Defoliation by means of flash-drying. — Leaves 
can be removed from harvested guayule by expos- 
ing the shrub to heated air for a few minutes and 
then tumbling it in a revolving drum. This removes 
a high percentage of the leaves, but also a number 
of the smaller twigs. An occasional tuft of leaves in 
which the blades are closely appressed is not re- 
moved by this method. Examination of material in 
the process of treatment indicated that the flash- 
drying method accelerates the natural process by 
rapidly rendering the leaves and petioles brittle. 

Microscopic examination of flash-dried material 
disclosed that the tissues had been killed by the 
dehydration. Defoliation was accomplished by a 
break through the abscission zone as under field 
conditions. However, the break was more clean-cut 
(fig. 11, 12). Microchemical examination of twigs 
lost in tumbling, using a differential stain for rub- 
ber (Addicott, 1944), showed appreciable amounts 



Fig. 9-12. Longitudinal sections of leaf bases and leaf scars. X 85, except figure 10 which is X 170.— Fig. 9-10. Sec- 
tions of natural leaf scars. Note xylem resorption in the abscission layer. Beneath this periderm has appeared. — Fig. 11. 
Section of a leaf scar produced in a flash-drying experiment. Note that the break has passed across cells of the abscis- 
sion layer. — Fig. 12. Section of leaf which had been flash-dried, but which had not been removed by tumbling. Note 
incomplete breaks which pass across cells. 


of rubber. Economic considerations as well as the 
disadvantages mentioned have recently led to the 
cessation of experiments with the flash-drying 
method of defoliation. 

Defoliation by means of flash-boiling . — If gua- 
yule shrubs are immersed in boiling water for sev- 
eral minutes most of the leaves fall off readily. A 
few vigorous shakes are sufficient to defoliate the 
plants entirely. The amount of energy required to 
remove a leaf after the boiling water treatment is 
considerably less than after flash-drying. 

Microscopic observations showed that under this 
treatment the break also passed through the abscis- 
sion zone. However, the break almost always passed 
between cells, rarely across them (fig. 13). Appar- 
ently the hot water softens the middle lamella to 
such an extent that the cells part readily. Micro- 
chemical tests to check this point by the use of dyes 


usually considered to be more or less specific for 
pectic substances were inconclusive. The cell walls 
of the parenchyma were so impregnated with pec- 
tins that it was impossible in most cases to detect 
the middle lamella. However, the fact that, when 
separation occurred, it came between cells and left 
intact walls on either side, strongly suggests that it 
was the middle lamella which gave way. The in- 
creased effectiveness of the flash-boiling method 
has led to its favorable consideration as a method 
of defoliation. 

Defoliation by means of retting . — In connection 
with certain experiments of the Guayule Rubber 
Extraction Research Unit it was observed by Dr. 
E. P. Jones that immersion in water for several 
days at room temperature, or confinement under 
conditions of high humidity for about two weeks 
led to changes at the leaf base which permitted the 
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Fig. 13-16. — Longitudinal sections of leaf bases from experiments on defoliation. X 85. — Fig. 13. Section of leaf 
base subjected to hot water treatment. Break passes between cells. — Fig. 14. Section from immersed shrub. Note 
only partial collapse of cells at base of petiole, and their separation. — Fig. 15. Section of shrub from humid condi- 
tions. Note pockets of microorganisms. — Fig. 16. Section of shrub from humid conditions. Note severe collapse of 
cells with disintegration adjacent to the abscission layer. 


ready defoliation of the shrubs. In each case an 
abundant microbic flora developed. The odor of 
the immersed shrub indicated that large numbers of 
putrefactive bacteria were present. The plants 
confined under humid conditions showed a profuse 
development of molds especially on the leaves and 
smaller branches. 

Microscopic examination of samples from both 
treatments disclosed in each case the widespread 
occurrence of microorganisms within the tissues 
at the base of the petiole (fig. 15, 16). Sections 
from shrubs under humid conditions showed a 
considerable breakdown of the cells. In many 
cases the softer tissues, particularly just outside 
the abscission layer, were disintegrated by the 
end of two weeks (fig. 16). Collapse of cells was 
rarely evident in the immersed shrubs. After this 
treatment the cells remained more or less intact, 


but separated readily (fig. 14), It is interesting to 
note that in each treatment the abscission layer 
was hardly affected. The collapse or separation 
of cells occurred almost entirely outside the layer. 

Whether moisture or the presence of micro- 
organisms was the more effective in defoliation 
could not be determined from observations. It 
is possible that both may be important. In view 
of the rapid action of boiling water in defoliation 
it seems logical to assume that exposure to water 
at room temperatures might have a similar effect 
if the treatment were sufficiently prolonged. The 
separation of cells observed (fig. 14) resembles 
the condition found after flash-boiling (fig. 13). 
Although the microorganisms present were not 
identified it seems likely that the marked injury 
and destruction of cells observed can be accounted 
for only by the activity of molds or bacteria. Both 
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moisture and microorganisms, therefore, may 
function in defoliation by retting. The possibility 
remains of course that other factors may also be 
involved. The time and storage facilities required 
to defoliate guayule by retting suggest that it 
would not be economical to employ this method. 

It may be of interest to note that whereas in 
guayule no separation of cells occurs during ab- 
scission in the held, it does occur under the arti- 
ficial conditions of two of the defoliation methods. 
Under field conditions the separation of the leaf 
appears to be entirely mechanical with cells being 
broken and the abscission layer having no direct 
part. Under the conditions of flash-boiling and of 
retting by immersion a separation of cells is 
achieved (fig. 13, 14). This is analogous to the 
situation in the classical type of abscission in 
which the middle lamellae of cells of the abscis- 
sion layer are digested by physiological action. 
However, the parallel is not close; in guayule the 
cells which separate under the above treatments 
are not a part of the abscission layer but lie in 
the petiole base just outside the abscission layer. 

SUMMARY 

Leaf fall from guayule under field conditions 
is considered to be a modified type of abscission. 
The abscission layer is not directly involved in 
the separation of the leaf from the stem. Separa- 
tion is mechanical and occurs after the leaf dies 


by a break which passes through the weak abscis- 
sion zone at the base of the leaf. There is no indi- 
cation that physiological action, such as the diges- 
tion of middle lamellae, or cells, is involved in the 
freeing of the leaf. 

Protection for the stem is provided by the 
abscission layer and the periderm which develops 
beneath it. The abscission layer forms at the leaf 
base in cortical parenchyma, resin canal plugs, 
and within the leaf trace. It is continuous with 
the periderm of adjacent regions of the stem and 
is well suberized before the leaf falls. Cells of 
the abscission layer developing within the leaf 
trace resorb and replace the vessels for a short 
distance. A phellogen appears immediately be- 
neath the abscission layer about the time of the 
death of the leaf. 

Defoliation in the flash-drying process is ac- 
complished by a break passing across the cells of 
the abscission zone after the tissues have been 
made brittle by dehydration. 

Defoliation by the flash-boil method apparently 
results from the softening of the middle lamellae. 
When leaves are removed after this treatment the 
break passes between cells. 

Special Guayule Research Project, 

University of California, 

Santa Barbara College, 

Santa Barbara, California 
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THE EFFECT OF IND0LE-3-ACETIC ACID ON THE DRY WEIGHT OF 
' CHLORELLA PYRENOIDOSA 1 

Melvin Amos Brannon and Harold Melvin Sell 


This paper reports the results of a study of the 
effect of indole-3-acetic acid on the dry weight of 
Chlorella pyrenoidosa. The culture used in this 
study was obtained from the department of botany 
at the University of Wisconsin. It was reported to 
be a duplicate of the culture supplied Lilly and 
Leonian (1941) for their study of “Some factors 
affecting the dry weight of Chlorella vulgaris It 
was labelled Chlorella pyrenoidosa. 

Methods. — The nutrient medium employed in 
this study was the same medium used by Brannon 
and Bartsch (1939). It consisted of 1.00 g. potas- 
sium nitrate, 0.50 g. calcium sulfate, 0.50 g. magne- 
sium sulfate, 0.25 g. tri-basic calcium phosphate, 
0.01 g. ferric chloride, and 1,000 ml. distilled water. 
The tri-basic calcium phosphate was first dissolved 
separately in 100 ml. of distilled water, and the 
other salts were dissolved in 900 ml. of distilled 
water. The solutions were then boiled, filtered, 
mixed and supplied with sufficient distilled water 
to restore the volume to 1,000 ml. 

Indole-3-acetic acid in concentrations of 10 ppm. 
and 20 ppm. was used as growth substance in this 
investigation. 

After adjusting the pH of the nutrient solution 
to 5.75-6.00, aliquots of 250 ml. were poured into 
500 ml. Pyrex Erlenmyer flasks and autoclaved for 
one hour at 15 pounds pressure. 

The inoculum was cultured in 250 ml. of the nu- 
trient solution for 14 days. It contained approxi- 
mately 5 X Iff 6 cells P er m l- at tf ie Ihne of inocu- 
lating the cultures used in this work. 

The cultures were grouped in series of six flasks, 
two containing controls and four containing indole- 
3-acetic acid in 10 ppm. or 20 ppm. concentration. 
Because experiments indicated that optimum growth 
developed from large inocula it was deemed well to 
use 1 ml. inoculum having approximately 5 X iff 6 
cells in each flask. 

The inoculations were made in a chamber having 
filtered air. 

The series of 6 flasks was then placed in a room 
supplied with north light and a temperature of 
28 °C. The cultures were agitated for ten minutes 

1 Received for publication January 27, 1945. 

The work reported in this paper was done in the labo- 
ratories of the University of Florida. Grateful acknowl- 
edgment is made of the many courtesies received from 
Dr. J. Speed Rogers and Dr. W. R. Carroll. They pro- 
vided many facilities and much equipment. The junior 
author made valuable suggestions as a biochemist. He 
recrystallized the indole-3-acetic acid, made the pH read- 
ings, and did the precision work of determining the dry 
weights of the cultures reported in this study. His present 
address is Michigan State College of Agriculture and 
Applied Science, Lansing, Michigan. 

2 Lilly and Leonian did not obtain, as they supposed, 
the strain of Chlorella vulgaris used by Brannon and 
Bartsch (1939), but were given a strain which turned out 
to be, in all probability, Chlorella pyrenoidosa . 


twice each day in order to distribute the cells in the 
medium and diminish agglutination. At the expira- 
tion of 30 days of incubation, the cells were har- 
vested and the dry weights determined. 

During incubation the controls developed more 
color and turbidity in the first 72 hours than did 
the indole-3-acetic acid cultures. At that period the 
controls and indole-3-acetic acid cultures were uni- 
form in color and turbidity. At the conclusion of 
the 30-day period their respective appearances are 
shown in figure 1. 



Fig. 1. Cultures of Chlorella pyrenoidosa after 30 days 
incubation at 28 °C. in a room supplied with north light. 


Flask A ....... 

. . . Control 

Flask B Indole-3-acetic 

acid 10 ppm. 

Dry weight . . . 
Relative dry 

. . 20.6 mg. 

92.3 mg. 

weight 

. . 1 mg. 



The dry weights of the algae were determined by 
centrifuging the cultures in a 250 ml, bottle at 1,500 
r.p.m. for 15 minutes and then filtering the algae on 
dry, tared, sintered glass crucibles having a porosity 
of 5-10 microns. The last traces of algae from the 
bottles were transferred quantitatively to the cruci- 
bles by means of distilled water from a wash bottle. 
The crucibles were dried for 4 hours in a vacuum 
oven over phosphorus pentoxide at 70 °C. and 4 
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Table l: Showing effect of indole-S-acetic acid on dry weight of Chlorella pyrenoidosa measured 
in milligrams of dry weight of cells produced in 250 ml cultures. 


N ature of culture 

Number 

Mean 

weight 

Relative weight of 
control and 
indole-3-acetic acid 

Series I. Control 

2 

22.3 mg. 

1 to 4.4 mg. 

Indole-3-acetic acid (10 ppm.) 

. . . . 4 

99.1 mg. 

Series II and 

Series III. Control 

4 

25.6 mg. 

1 to 4.7 mg. 

Indole-3-acetic acid (20 ppm.) 

8 

120.5 mg. 


mm. pressure and then cooled in a desiccator over 
calcium chloride. The dried crucibles containing the 
algae were weighed on an analytical chainomatic 
balance. The difference between the weight of the 
crucible and the weight of the crucible plus the algae 
gave the dry weights recorded in table 1. 

Discussion. — The results presented in table 1 and 
figure 1 show that indole-3-acetic acid in concentra- 
tions of 10 ppm. and 20 ppm. was a growth substance 
for Chlorella pyrenoidosa. These results are in 
agreement with the positive reactions reported for 
the effect of indole-3-aeetic acid on Chlorella vul- 
garis by Yin (1937), Brannon (1937), Pratt (1938), 
and Brannon and Bartsch (1939). They are in dis- 
agreement with those reported by Lilly and Leonian 
(1911) in their study of “Some factors affecting the 
dry weight of Chlorella vulgaris . 3 * 2 In view of the 
fact that they used the same Chlorella supplied in 
duplicate for this study this discrepancy can not be 
charged to the use of different species of Chlorella , 
or to a different strain of the same species. 

Among the factors which might cause wide dis- 
crepancies in growth substance investigations is the 
growth substance itself. In early series of cultures 
in this study variations occurred in the indole-3- 
acetic acid flasks. These variations were pronounced 
and persistent. This problem was discussed with a 
biochemist who suggested that the indole-3-aeetic 
acid had deteriorated. He stated that indole-3-acetic 
acid stored in an amber bottle had been known to 
undergo change and only a third of the original 
weight was recovered in purification. Following this 
suggestion the indole-3-acetic acid used in further 
investigations in this study was purified. It was 
recrystallized from U.S.P. chloroform to constant 
melting point of 165°C. When this purified indole- 


3-acetic acid was used the variation in the indole-3- 
acetic acid cultures did not occur. Uniformly posi- 
tive results were secured. This proved that defective 
indole-3-acetic acid was the limiting factor in the 
previous tests which were discarded on account of 
pronounced and persistent variations. Positive re- 
sults were obtained in every series of this study in 
which recrystallized indole-3-acetic acid was em- 
ployed as the growth substance. 

SUMMARY 

The effect of indole-3-acetic acid on the dry 
weight of Chlorella pyrenoidosa has been investi- 
gated. 

Recrystallized indole-3-acetic acid (mp 165°C.) 
in concentrations of 10 ppm. and 20 ppm. was ap- 
plied to cultures of Chlorella pyrenoidosa in inor- 
ganic, nutrient media. It stimulated the growTh of 
the algae, and the dry weight of the cells was in- 
creased more than four fold. 

University of Florida, 

Gainesville, Florida 
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A MORPHOLOGIC STUDY OF THE GENUS MONOBLEPHARELLA 1 


Martha E. Springer 


The Monoblepharidales is ail order which has 
been of special interest to investigators of the aquatic 
Phycomycetes since Cornu published his discovery 
of Monoblepharis in 1871. Its distinctive type of 
sexual reproduction, in which a large; nonflagellate 
and nearly motionless egg is fertilized by a small 
uniflagellate sperm, has been found in no other group 
of fungi. This has led to much critical study and 
speculation as to its origin and relationships. 

The genus Monoblepharella , a member of the 
Monoblepharidales, was established by F. K. Spar- 
row (1940), based on a fungus recovered from soil 
collected by W. R. Taylor in Trinidad in 1939. Be- 
cause of its obviously close relationship to species of 
Monoblepharis , the organism was first described as 
a member of this genus (Sparrow, 1939), but after 
more consideration and study it was segregated 
(Sparrow, 1940) into a genus of its own under the 
binomial Monoblepharella Taylori Sparrow. This 
change w r as justified by the presence in Monoblepha- 
rella of a motile zygote propelled by the persistent 
flagellum of the male gamete and also by certain 
other distinctive morphologic features. Although 
what was apparently the same fungus appeared in 
three other soil samples collected by W. R. Taylor, 
isolates from these were not critically studied, par- 
ticular attention being given only to the type strain. 

A second species of the genus, M. mexicana Sha- 
nor, was recovered from three soil samples collected 
in Mexico in 1941 (Shanor, 1942). Other isolates 
of Monoblepharella have been obtained from soils 
collected by C. D. LaRue in Mexico, Central Amer- 
ica, and South America in 1940, and from California 
soils collected by the author in 1942. 

The eleven isolates available for the present inves- 
tigation have included both of these originally de- 
scribed by Sparrow and Shanor, and also a number 
of others from localities distributed widely in the 
Western Hemisphere. It has seemed advisable, 
therefore, to make a thorough study of these isolates, 
to observe possible variations, and to confirm and 
supplement certain points in the developmental his- 
tory and morphology of members of the genus. As 
a result of this study two new species have been 
described (Springer, 1945). 

Materials and methods. — The material avail- 
able consisted of cultures started from the Taylor 
collections by Sparrow, a culture of M. mexicana 
furnished by Shanor, and soil samples from the other 

1 Received for publication February 1, 1945. 

This paper is part of a dissertation submitted in par- 
tial fulfillment of the requirement for the degree of 
Doctor of Philosophy in the University of Michigan. 

The writer wishes to express her appreciation to Dr. 
W. R. Taylor and Dr. C. D. LaRue for furnishing most 
of the soil collections, to Dr. Leland Shanor for the cul- 
ture of Monoblepharella mexicana, and especially to Dr. 
F. K. Sparrow for providing several of the cultures, and 
for his direction and helpful suggestions during the 
investigation and the preparation of this paper. 


collections. All of the soils were collected in clean 
new boxes or envelopes and sealed. In the laboratory 
they were placed in jars of sterile distilled w r ater 
containing pieces of sterilized hemp seed. By the 
occasional addition of fresh hemp seed bait, the 
original cultures have been kept viable over a period 
of several years. Of the eleven isolates involved, one 
has produced sporangia but no sex organs and has 
not been assigned to a species. The other ten w'ere 
identified as belonging to four species, M. Taylori 
Sparrow, M. mexicana Shanor, M. elongata Spring- 
er, and M. Laruei Springer. 

Because of its extreme delicacy and extraordi- 
narily slow rate of growth, the mycelium of Mono- 
blepharella requires special handling. During the 
period of one or more months elapsing before it 
forms a colony of appreciable size in the gross cul- 
ture, other filamentous fungi, such as Allomyces, 
Pythium, and members of the Saprolegniales and 
Fungi Imperfecti, may flourish and die down. Al- 
though Monoblepharella can be grown on artificial 
media (Sparrow, 1943) the hyphae grow so much 
more slowly than those of the fungi w T ith which it is 
associated that it cannot easily be isolated. It was 
found possible, however, to segregate Monoblepha- 
rella from other Phycomycetes by repeatedly multi- 
plying, washing, and selecting isolated colonies. The 
contaminating Fungi Imperfecti were found to grow 
best only at the surface of the water, and since 
Monoblepharella will thrive at a depth of several 
inches, it was separated from these fungi by growing 
it in deep water. Then by the use of shallow water 
cultures it was possible to grow and multiply the 
various isolates in a period of one or two weeks in- 
stead of one or two months. None of the cultures 
was entirely freed of bacteria. 

A large number of the very small zoospores and 
zoosporangia were isolated in an unsuccessful at- 
tempt to obtain single spore cultures. Equivalent 
cultures could be started in certain instances by 
isolating a single heavily nodulated element of the 
mycelium and placing it in a drop of water with a 
very small bit of hemp seed. Up to the present time 
this method lias been successful in only two in- 
stances, in the type isolates of M. Taylori and M. 
elongata. 

All of the isolates have been cultivated under 
similar environmental conditions, and the examina- 
tions of various stages in their development and 
morphology are therefore comparable. The forma- 
tion of zoosporangia in large numbers may be in- 
duced by starving the mycelium by removing it from 
the bait and placing it in fresh water. Both Spar- 
row (1940, 1943) and Shanor (3942) mentioned 
that at room temperature (specified by Sparrow at 
21°C.) more zoosporangia are produced, while at 
30 °C. sex organs are abundantly formed. Neither 
author, however, has reported any attempt to deter- 
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Fig. 1-23. Camera lucida drawings of Monoblepharella Taylori — X 1000. — Fig. 1. Portion of mycelium showing 
vacuolated protoplasm (Tg). — Fig. 2. Mycelium with nodules (Tx).- — Fig. 3-6. Sporangia in successive stages of de- 
velopment (Tg). — Fig. 7. Mature sporangium (Tg). — Fig. 8-9. Stages of emergence from sporangium shown in figure 
7. — Fig. 10. Zoospore (T 3 ). — Fig. 11-12. Stages in development of secondary sporangia (Tx). — Fig. 13. Cytological 
preparation of zoospore, showing primarily the dark staining nuclear cap, and the granule, the blepharoplast, at the 
base of the flagellum (Ts). — Fig. 14. Zoospore stained to show whip-lash type of flagellum (T 2 ). Note tip of 
flagellum. — Fig. 15. Germinating zoospore (T 2 ). — Fig. 16. Zoospores germinating within a sporangium (Tx). — Fig. 
17-19. Stages in development of oogonial rudiment (Tx).— Fig. 20. Formation of a sub-oogonial branch (T 3 ).— 
Fig. 21. Oogonium and hypogynous antheridium (Tx).— Fig. 22. Oogonium and terminal antheridium (Tx).— Fig. 
23. Branch bearing several pairs of sex organs, mostly empty (T 2 ). 
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mine ranges of temperature or the optimum tem- 
peratures at which these two types of organs are 
developed. By placing bits of mycelium at various 
temperatures it was found in the present investi- 
gation that sporangia were produced in all isolates 
at temperatures ranging from 13-32°C., and in 
four of the isolates of M. Taylori up to 37°. The 
optimum for all isolates is between 21° and 31 °C. 
Within this range sporangia will be produced abun- 
dantly in three or four hours, but both above and 
below these limits fewer are developed and more 
time is required for their production. At 13° or 
37 °C., for example, probably no sporangia will be 
formed in less than seven to ten hours. 

Although sporangia are formed in abundance 
when the mycelium is suddenly starved, sex organs 
are formed in abundance only when the mycelium 
is left undisturbed for several days at temperatures 
ranging from 26° to 32 °C. Frequently a sudden 
change in conditions, such as the removal of a piece 
of mycelium to fresh water in order to study the 
sex organs, stimulates the production of sporangia, 
and it is possible to have large numbers of both 
types of organs produced simultaneously. If the 
change of conditions occurs prior to the develop- 
ment of the cross wall, an oogonial or antheridial 
rudiment may cease its development and become 
transformed into a sporangium. 

Morphology. — The isolates studied exhibit little 
variation in their vegetative growth. Differences in 
the nonsexual reproductive organs relate mainly to 
shape and size, and overlappings and intergrada- 
tions of these characters are frequent. It is in the 
sequence of development, the resulting arrange- 
ment, and the size and shape of the sex organs that 
most of the variations between species are apparent. 
The method of formation of the different structures 
and the sequence of changes in the cytoplasm are 
almost identical. A description of fertilization and 
the emergence and motility of the zygote for one 
species will apply equally well to the other three. 
Furthermore, differences in the measurements of 
the antherozoids, zygotes, and oospores of the four 
species are so slight as to fall well within the range 
of experimental error. A thorough discussion, there- 
fore, of the morphology will be given only for 
Monoblepharella Taylori , the type species of the 
genus, after which the other species will be dis- 
cussed more briefly, and their outstanding charac- 
teristics pointed out. 

Monoblepharella Taylori Sparrow 

Isolates: T x . Collected by W. R. Taylor, Trini- 
dad, B. W. I. Type. 

T2. Collected by M. E. Springer/Cali- 
fornia. 

T 3 . Collected by W. R. Taylor, Pana- 
ma. 

T4. Collected by C. D. LaRue, Nica- 
ragua. 

T 5 . Collected by W. R. Taylor, Trini- 
dad, B. W. I. 


T g . Collected by W. R. Taylor, Pana- 
ma, Canal Zone. 

Although Sparrow (1940) made a very careful 
and accurate report of this species, especially of 
the sexual apparatus, fertilization, and emergence 
of the zygote, it was based upon only one isolate 
and a limited number of observations. The follow- 
ing discussion, therefore, serves to confirm his ob- 
servations and to supplement them particularly 
with respect to the asexual and developmental 
stages and the limits of size and shape of the 
organs. 

Mycelium. — The mycelia of the various species 
of Monoblepharella are so distinctive that members 
of the genus may be identified in vegetative condi- 
tion alone. Because it develops very slowly, the 
characteristic growth becomes conspicuous in a 
water culture only after a period of one or more 
months. By then, the colony may reach a diameter 
of 25 mm. and can be recognized as a lustrous 
pearly gray halo around the substratum. The hy- 
phae are nonseptate and so delicate that they are 
distinguishable even from those of other members 
of the Monoblepharidales, all of which possess the 
same type of vacuolation. 

So far as could be determined, there is no truly 
differentiated holdfast system such as is found in 
Monoblepharis and many other filamentous fungi. 
The hyphae at the base, however, are larger and 
more frequently branched than those on the periph- 
ery. Since the hyphae are so delicate that they are 
able to penetrate almost any part of the bait, it is 
possible that a true holdfast is not necessary, the 
ramifying hyphae sufficing both for attachment and 
food absorption. Branches of vegetative hyphae are 
almost exactly at right angles to the main axis. The 
edge of a colony is composed of a large number of 
straight unbranched hyphae which radiate from the 
substratum. These filaments are exceedingly long 
and tenuous, with slight variations in diameter 
throughout their length. The tips are rounded some- 
what but not noticeably tapering. Usually there is 
no special thickening at the point of origin of the 
branches, although they may occasionally arise 
from a triangular expansion or from a well defined 
nodule. The hyphae vary in diameter from 1 to 
7.5 /x, with 2 to 3 g being most typical. The zoo- 
sporangia and sex organs are produced on vegeta- 
tive elements of average size. 

The mycelium (fig. 1) has the regular scalari- 
form or reticulate vacuolation characteristic of the 
Monoblepharidales. In the more delicate hyphae 
the vacuoles frequently lie in a single row separated 
by bands of cytoplasm so narrow as to give a lad- 
der-like appearance* The arrangement of vacuoles 
in the wider hyphae is sometimes not so regular, 
but the cytoplasmic network is none the less con- 
spicuous. There may be a little vacuolation in young 
or vigorously growing hyphae, and older ones may 
be almost empty. There are, however, always a few 
hyphae in cultures of all ages which maintain the 
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typical disposition of contents, and serve to identi- 
fy the fungus. 

The protoplasm in a vigorously growing hypha 
is extremely active, and under high magnifications 
its movements may easily be observed. It contains 
many refractive oil droplets the path of which, 
irregular because of the presence of so many vacu- 
oles, may be followed along the hypha. So charac- 
teristic is this movement that a reversal of direc- 
tion has been utilized successfully as an index of 
the presence of the delicate cross wall formed in the 
development of the reproductive organs. 

Swellings of various shapes have been found on 
the mycelium of all isolates observed, but the num- 
ber and size differ considerably, even in different 
subcultures of the same isolate. These were noticed 
and commented upon by Sparrow (1910) and Sha- 
nor (1942 — for M. mexicana ), the former author 
leaning toward the belief that they are caused by 
a parasitic organism, although he states that no 
reproductive phase has ever been observed to sub- 
stantiate this suspicion. Shanor considers them, also 
without contributing evidence, to be normal struc- 
tures belonging to the fungus itself. 

The distribution of the nodules does not appear 
to be regular. On one piece of substratum most of 
the hyphae may show no trace of such swellings, 
while a few branches may be very heavily nodu- 
lated. The swellings vary in shape from globose or 
spindle-shaped (fig. 2) to large irregular masses. 
In an old culture the nodules may be found in what 
are apparently progressive stages of vacuolation, 
from being filled with a nearly homogeneous mass 
of cytoplasm to being completely empty. Those 
which are nonvacuolated often appear highly re- 
fractive. In more vacuolate nodules, the cytoplasm 
may appear frothy or scalariform. The largest 
nodules observed in the six isolates of M. Taylori 
ranged from 17 X 17 g to 35 X 20 /x. Most of them 
were much smaller. From some nodules normal or 
occasionally abortive branches may arise. 

For the successful development of a new colony 
from a single element of mycelium it was found 
necessary to use a piece with several nodules, and 
it was noted in the isolates both of M. Taylori and 
M. elongata that the new branches arose from these 
swellings, apparently indicating that the nodules 
are reservoirs of protoplasm and are indeed normal 
structures. 

Asexual reproduction . — The organs of asexual 
reproduction are elongate cylindrical or fusiform 
zoosporangia which produce posteriorly uniflagel- 
late zoospores. By reason of their refractive ap- 
pearance and large size as compared with the deli- 
cate mycelium, the sporangia are very conspicuous, 
and, as has been pointed out by Sparrow, frequently 
resemble elongate conidia lying free in the mycelial 
mass. 

The sporangia develop terminally on the hyphae, 
primarily at the periphery of the colony. They may 
appear as early as four days after the establish- 
ment of a new culture and have also been observed 


in cultures four or five months old. The method of \ 
development of the zoosporangium is identical in 
all isolates, and is similar to that of Monoblepharis, 
which has been described by Lagerheim (1900), 
Laibach (1927) and Sparrow (1933). Although 
only a very superficial study has been made of the 
cytology of sporangial development of Monoble- 
pharella , it, too, appears to resemble Monoblepharis , 
as described by Laibach (1927). In the initial 
stages, the tip of a vigorously growing hypha be- 
comes filled with very rapidly streaming, irregu- 
larly spaced and highly refractive oil droplets (fig. 

3) . The tip then begins to elongate and swell (fig. 

4) . As more droplets accumulate, their motion be- 
comes less rapid. A stained preparation will show 
that at this time there are many more nuclei present 
than in an ordinary vegetative hypha of the same 
length. Their mode of origin has not been deter- 
mined. In the closely related genus Monoblepharis 
no mitotic figures were observed by Laibach during 
sporangial development. It is not known, therefore, 
whether the number of nuclei has increased by mi- 
gration from other parts or by nuclear division. 

By the time the somewhat cylindrical sporangial 
rudiment has reached its full size, its contents are 
non-vacuolate, and practically motionless, in sharp 
contrast to the vacuolate attendant hypha in which 
the cytoplasmic streaming is still conspicuous. A 
basal cell wall is soon laid down (fig. 5). Mean- 
while the droplets within the sporangial rudiment 
have started to aggregate, and regularly spaced 
clusters of small globules become conspicuous in 
the otherwise clear matrix (fig. 6). In the delimita- 
tion of the zoospores the cytoplasm becomes sepa- 
rated into a number of nearly equal parts, each con- 
taining a cluster of globules and, as may be seen in 
a stained preparation, one nucleus. Depending up- 
on the diameter of the sporangium, the spores are 
formed in one or more rows. The rudiments of the 
zoospores are at first angular. They soon draw 
apart slightly, become somewhat more rounded, and 
are then apparently mature (fig. 7). 

Discharge of the zoospores is initiated by the 
deliquescence of the apex of the sporangium to 
form a small pore. In escaping from the sporan- 
gium, a part of the thin clear protoplasm of the 
first zoospore oozes through the opening and swells 
up outside. The globules then gradually move for- 
ward, and the rest of the body emerges. The oil 
globules at this time are irregularly spaced through- 
out the spore. After a momentary hesitation the 
spore moves away but is stopped by its flagellum, 
which is not yet free from the sporangium. The 
body of the spore may then undergo slight amoe- 
boid changes of shape. Since the first three to six 
spores usually emerge in very rapid succession, they 
form a cluster attached to the sporangium by their 
flagella (fig. 8). In a short time, perhaps a minute 
after its emergence, the first spore will struggle to 
free its flagellum, either by a number of short jerks 
or by several violent tugs. As the spore revolves, it 
may be seen that the globules, up to twelve or fif- 
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teen in number, are lining the front of what now 
appears to be a hollow ovoid rather than a spheri- 
cal body. After some minutes the tip of the flagel- 
lum is suddenly freed from the sporangium. The 
spore remains motionless for an instant and then 
darts away, soon to be followed by the others. The 
rapid emergence of the first spores has apparently 
lowered the pressure within the sporangium, and 
the others are more leisurely about escaping. They 
approach the opening in amoeboid fashion and slow- 
ly ooze out one at a time. The flagella of those 
emerging or those about to emerge are easily visi- 
ble (fig. 9). 

Although the size of the sporangium does not 
determine the size of the zoospore, it does limit the 
number produced. Nor are the differences in num- 
ber a constant character of individual isolates, for 
the smallest as well as the largest number of zoo- 
spores in a single sporangium, eight and thirty-six 
respectively, were observed in sporangia of the 
same isolate, T5. The numbers most frequently 
encountered are fourteen to twenty. 

Secondary sporangia are produced by sympodial 
branching of the liypha. A swelling appears imme- 
diately below the cross wall of the terminal sporan- 
gium and elongates into a branch which produces a 
sporangium at its tip (fig. 11). As a result of this 
renewed growth the sporangium which was origi- 
nally terminal appears lateral. Ordinarily second- 
ary sporangia are not formed very close together, 
but sometimes so many develop in rapid succession 
that they form a cluster at the end of the liypha 
(% 12 ). 

Within the species there is a wide variation in 
the shape and size of the sporangia, so much so that 
their use as a criterion for distinguishing species is 
not satisfactory. They are symmetrical or slightly 
falcate, narrowly siliquiform, fusiform, or cylin- 
drical, with rounded apex, tapering at the base to 
a diameter about equal to that of the attendant 
hypha. Lateral protuberances on the sporangial 
wall have been noted in all isolates, but they do not 
occur with the same frequency in all species. In the 
isolates of Monoblepharella Taylori they occur only 
rarely but when present may be so pronounced as to 
form lobes. They function as exit tubes for the 


zoospores, supplementing the sporangial apex, 
which is the typical place of emergence. 

The sporangia of the first five isolates of this 
species, T x — T^, are 18-81 y in length and 5-16 y. 
in width. Sporangia of Tg, however, are more vari- 
able in length (20-115 /x), with a width of 6—11 p. 
With a mean ratio of length to diameter of 5.9:1, 
they approach the average ratio for the species, 
5.5:1 (diagram 1). 

The zoospore (fig. 10), although smaller, is simi- 
lar to that of Monoblepharis. From the spherical or 
slightly oval shape it possesses directly after emer- 
gence, it changes while in motion to become more 
cylindrical or ovoid. The strongly refractive glo- 
bules at the somewhat pointed forward end now 
appear to be almost separated from the rest of the 
spore. The anterior end stands out in conspicuous 
contrast to the evenly granular material lining most 
of the body, from which it is separated by a space 
which is clear except for a central strand of cyto- 
plasm. Sometimes in the living zoospore a slightly 
darker area, presumably the nuclear cap, can be 
distinguished. At the point of attachment of the 
single posterior flagellum a very small refractive 
body is visible. 

Cytological preparations of the zoospores were 
made according to two methods. The first is that of 
Cotner (1930), and was used to demonstrate the 
nuclear apparatus. The internal structure of the 
spore (fig. 13) was found to be similar to that 
already noted in the Blastocladiales and M0110- 
blepharidales (Cotner, 1930; Sparrow, 1933). 
There is a darkly-stained nuclear cap in the center 
of the cell. Faint lines can be distinguished extend- 
ing from the sides of this structure back to a well 
defined basal granule, or blepharoplast, located at 
the point of attachment of the flagellum. The coni- 
cal area thus defined is less strongly stained than 
is the surrounding cytoplasm. The second method, 
employed to demonstrate the type of flagellum, 
utilized the simpler of the two techniques described 
by Couch (1941). With high magnification the whip- 
lash character of the flagellum was made clearly 
distinguishable (fig. 14). The extremely fine pro- 
jection extended 3-6 y beyond the thicker main 
part of the flagellum. 



Diagram 1. Mean ratios of length to maximum diameter of one hundred of each of the reproductive organs of ten iso- 
lates of Monoblepharella spp. (M. Taylori T 1? To, T 3 , T 4 , T 5 , T e ; M. elongata E t , E 2 ; M. memmna M x ; M. Larmi L x ). 
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Measurements of size are made difficult by the 
changes in shape undergone by the zoospores. They 
are spherical when they emerge from the sporan- 
gium but become ovoid while actively motile. When 
they slow down they become oval or amoeboid in 
shape. Swimming spores are 7-10 g long and 4—6 g 
wide. Instances have been observed in which giant 
or dwarf spores have been produced in the same 
sporangium by abnormal cleavage of the proto- 
plasm. In general the flagella are two to three times 
the length of the body of the spore, the majority 
being 20-29 /x. 

The zoospore in open water swims with a smooth 
gliding movement, inscribing rather large circles. 
Occasionally, when becoming entangled in some of 
the branches of the mycelium, it undergoes a vio- 
lent shaking motion which extends through the body 
of the spore and the flagellum. More often, how- 
ever, its movement remains even. At intervals it 
may remain motionless except for a slow lashing 
of the flagellum. The period of motility varies, in 
some instances lasting at least a half hour, in others 
only a few minutes. After a period of swimming 
the spores may rest or show slight amoeboid move- 
ment and then once more swim away. This may 
happen several times before they Anally come to 
rest and encyst. 

Within a quarter or half hour after the zoospore 
encysts a short germ tube appears. This elongates 
and produces branches at right angles to establish 
the vacuolated mycelium typical of Monoblepharella 
(fig. 15). Rarely there may be two germ tubes. 

Sometimes, especially in heavily contaminated 
cultures, the first zoospores to emerge may clog the 
pore so that few or none are able to escape. They 
may then germinate within the sporangium, the 
germ tubes penetrating the sporangial wall (Ag. 
16). In other instances environmental conditions 
may change and thereby stop the development of 
tlie sporangium before the zoospores are delimited. 
The sporangium may then revert to vegetative 
growth. 

Sexual reproduction . — The sex organs of Mono- 
blepharella are oogonia and antheridia which are 
typically associated in pairs and are produced alter- 
nately on the same hypha. Sex organs are produced 
in all isolates of M. Taylori at all temperatures 
between 26 and 32 °C. Development of the oogo- 
nium is initiated with the collection in the tip of 
a vigorously growing hypha of highly refractive 
and rapidly streaming oil droplets (Ag. 17). The 
tip gradually swells until it is almost spherical (Ag. 
18). Meanwhile the droplets coalesce until Anally 
the entire swollen portion is Ailed with small oil 
globules. About this time the cross wall is formed 
(Ag. 19), delimiting the oogonial rudiment a short 
distance back of the swelling, thus leaving a short 
narrow neck. The oil droplets continue to fuse and 
at maturity there are within the egg a number of 
very large and conspicuous globules which arrange 
themselves so compactly in a band in the center as 
to leave a zone of very clear ooplasm at the tip and 


[Vol. 32, 

at the base of the oogonium. From seven to thirty 
globules have been observed in typical eggs. The 
mature oogonium is 10-22 g long by 7-16 /x in 
maximum diameter. At maturity the egg may round 
up and withdraw slightly from the base of the 
oogonium, but this condition is more often observed 
in those oogonia with rather long cylindrical bases 
than in those in which the base is broadly truncate. 
If several eggs are to be produced, they can be dis- 
tinguished about the time that the globules have 
attained their full size. Sparrow (1940) records 
one instance in which six eggs were formed in an 
exceptionally large oogonium. The greatest number 
observed in this study was flve. The eggs vary 
greatly in size and in the number of globules they 
contain. 

Soon after the cross wall is formed at the base 
of the oogonium, a small protrusion appears imme- 
diately below it (Ag. 20). This may be an integral 
part of an hypogvnous antheridium (Ag. 21) as 
described by Sparrow, or it may develop into a 
short branch on which an antheridium develops ter- 
minally (Ag. 22). In either case the stages of de- 
velopment of the antheridium are like those of the 
sporangium. In the hypogynous type the cylindri- 
cal hyphal portion is 2—12 /x in length and the beak- 
like lateral outgrowth is 4-15 g long by 4—7 /x wide. 
The terminal antheridia are 8-25 /x long by 4-8 g 
wide. The method of formation of the antherozoids 
also is like that of the zoospores. By transverse 
cleavage, two to seven antherozoid rudiments are 
delimited, each containing one cluster of small 
globules. The segments of protoplasm round up and 
the antherozoids are ready to emerge. 

A lateral branch may arise just below the mature 
antheridium and, after growing for a distance sev- 
eral times the length of the antheridium, develop 
another oogonium. Because of sympodial branching, 
the older sex organs, usually empty, appear to be 
lateral (Ag. 23), and the hypha seems to follow a 
very irregular course. In old or heavily contami- 
nated cultures the pairs of sex organs may be 
formed in very close proximity and be clustered at 
the tip of the hypha. Rarely more than one antheri- 
dium may be cut off on a hypha below an oogonium, 
or several oogonia may be produced consecutively, 
without the alternate development of antheridia. 

The antherozoids escape through a pore at the 
apex of the antheridium or the antheridial beak. 
They are much like the zoospores but smaller, 5-6 g 
long by 3-4 g wide, and are much more amoeboid, 
during both discharge and rest or creeping periods. 
No rhythmic sequence of discharge of antherozoids 
and maturing of the eggs could be determined. In 
some instances the two are simultaneous, but fre- 
quently the antherozoids are discharged before the 
egg is mature, or the oogonium is emptied before 
the maturation of the antherozoids. The place of 
origin of the antherozoid was not determined in 
most observed cases of fertilization. 

The process of fertilization was accurately de- 
scribed by Sparrow (1940). It was observed in the 
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present material that when an antherozoid reaches 
a mature oogonium, it becomes amoeboid, creeping 
over the surface of the oogonial apex. Its single 
flagellum protrudes motionless almost at right an- 
gles away from it, or sometimes waves slowly back 
and forth. No receptive papilla has been noted on 
the oogonium, and it is not until the antherozoid 
becomes quiescent at the tip that it becomes pos- 
sible to locate precisely the oogonial orifice. The 
bodv of the antherozoid sinks slowly into the 
ooplasm. Not all of the male gamete is engulfed by 
the egg, a part remaining more or less flattened on 
the surface of the oogonium (fig. 24). Suddenly 
the clear ooplasm begins to flow out through the 
oogonial orifice (flg. 25), and it is now impossible 
to distinguish the protoplasm of the antherozoid 
from that of the egg. The flagellum still extends 
straight and motionless in the water. After some of 
the clear watery cytoplasm has emerged, the large 
globules pass through the orifice, a few at a time 
(fig. 26). They flow back and forth with the move- 
ment of the emerged portion of the zygote. Within 
a few minutes the globules have all passed out of 
the oogonium; the remaining cytoplasm oozes out; 
and the zygote has completed emergence. The per- 
sistent flagellum of the antherozoid has by this time 
moved around so that it is lateral to the oogonium. 
The emerged zygote is somewhat ovoid at first, but 
almost immediately rounds up. After a very short 
period of quiescence, it begins to rock back and 
forth, often sending out clear pseudopodia and re- 
tracting them. With a jerk it suddenly moves away 
from the oogonium, hesitates momentarily, and with 
a very characteristic rolling, halting, and rocking 
movement swims away. 

The moving zygote (fig. 27) is spherical or 
broadly ovoid, 10—13 /x long by 8—10y wide. It 
progresses so slowly that it is frequently possible 
to see the moving posterior flagellum. The flagellum 
may be visible throughout the entire period of fer- 
tilization, emergence, and the early swimming 
stages, thus giving definite evidence that it is in- 
deed, as Sparrow contended, the flagellum of the 
antherozoid which propels the zygote. As the zy- 
gote rolls and turns, the globules are easily distin- 
guishable and seem to form a compact peripheral 
layer lining all except the broadly conical anterior 
end of the zygote. Motility of the zygote may con- 
tinue for at least half an hour, during which time 
it may stop to rest or to undergo strong amoeboid 
crawling (fig. 28) before swimming off again. 
Finally it becomes motionless. The flagellum is no 
longer visible; according to Sparrow, it appears to 
be condensed into a small droplet and is then ab- 
sorbed. The encysted zygote (fig. 29) soon becomes 
surrounded by a thickened wall, smooth and light 
brown in color. The large globules may persist in 
the oospore, or they may be absorbed, in which ease 
there are small refractive droplets throughout the 
protoplasm. Typically the oospore (fig. 30) is 
formed free in the water, and at some distance from 
the oogonium. It is spherical and 9-1 3 y in diame- 


ter. Under poor environmental conditions it may be 
formed at the oogonial orifice or may be retained 
within or partly within the oogonium. 

Germination of the oospores may be obtained by 
adding fresh water and bait to an old culture or to 
dried spores. It is not known how long the oospore 
will remain viable. Sparrow was able to obtain ger- 
mination from fully mature oospores dried for three 
weeks. In the present investigation good growth of 
the isolate Tx was obtained in a culture started 
with a part of the original soil sample four years 
after the date of collection. Germination occurs by 
the formation of a small pore in the oospore wall, 
through which the hypha emerges. This elongates 
and branches (fig. 31), re-establishing the plant. 
The vacuolate condition typical of the mature my- 
celium is apparent from the first. 

Although the six isolates identified as M. Taylori 
are very similar, no two are morphologically identi- 
cal. The differences in the sex organs relate almost 
exclusively to the comparative numbers of terminal 
and hypogynous antheridia and to slight variations 
of shape and size of the parts. In isolates Tx and 
T 3 hypogynous antheridia are more common than 
the terminal ones; the reverse is true in isolates 
T 2 and T 4 , and the two types occur with almost 
equal frequency in cultures of T r> and T 0 . The 
antheridia are generally shortest in isolates Tx and 
T 2 , and progressively longer as one proceeds from 
T 3 to T 0 . The oogonia in Tx to T 4 are very similar 
to one another in appearance, many being almost 
spherical. In T 5 they are somewhat more elongate 
and narrow, while in T^ they are of the same gen- 
eral shape as those of T 5 , but larger. There are, 
however, so many intergradations in shape and size 
of both oogonia and antheridia that it is impossible 
by the examination of only a few organs to identify 
the particular isolate on which they have developed. 
It is only by a comparison of a large number of 
structures that the slight differences become notice- 
able. 

Although there is rarely more than one egg pro- 
duced in an oogonium in any of the isolates, the 
formation of two to four is of slightly more fre- 
quent occurrence in isolate than in the others, 
and is probably correlated somewhat with the larger 
size of its oogonia. 

Monoble pharella elongata Springer 

Isolates: Ex. Collected by C, D. LaRue, Mexico. 
Type. 

E 2 . Collected by M. Springer, Cali- 
fornia. 

Mycelium . — The mycelium, although like that of 
M. Taylori in other characteristics, differs from 
that of all other species in its degree of nodulation. 
Sometimes nodules are very infrequent, but more 
often they are abundant and very large, attaining 
a diameter of 50 y. Such nodulated hyphae super- 
ficially resemble the mycelium and sporangia of 
a species of Pythiogeton . The excessive nodulation 
may result in a difference in the macroscopic ap- 
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Fig. 24-46. Camera lucid a drawings of M. Taylori, M. elongata, M. Laruei , M. mexicana. X 1000. — Fig. 24-31. M. 
Taylor i . — Fig. 24, Fertilization (T 2 ). — Fig. 25. Early stage in emergence of zygote (T 2 ). — Fig. 26. Antherozoids and 
zygotes emerging simultaneously (TV). — Fig. 27. Zygote (T 2 ). — Fig. 28. Zygote undergoing amoeboid movement (T 2 ). 
— Fig. 29. Encysted zygote (T 2 ). — Fig. 30. Oospore (T x ). — Fig. 31. Germinating oospore (T ± ). — Fig. 32-35. M . 
elongata (E x ). — Fig. 32. Typical sporangium. — Fig. 33. Oogonium with two eggs; antheridium hypogynous. — Fig. 34. 
Oogonium and terminal antheridium. — Fig. 35-40. M. mexicana. — Fig. 35. Typical sporangium. — Fig. 36-37. Stages in 
development of antheridium. — Fig. 38. Antheridium and early stage in formation of oogonium. — Fig. 39. Oogonium 
and empty antheridium. — Fig. 40. Branch bearing only antheridia. — Fig. 41-45. M. Laruei. — Fig. 41. Basipetally 
formed secondary sporangia subtending empty primary organ. — Fig, 42. Terminal antFeridium and early stage in 
development of the oogonium. — Fig. 43. Later stage in development of oogonium; antheridium now epigynous. — 
Fig. 44. Oogonium tilted to appear terminal on hypha; antheridium now lateral. — Fig. 45. Antheridium and terminal 
oogonium. — Fig. 46. Branch with two pairs of empty sex organs. 
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pearance of the fungus, causing the growth to ap- 
pear less delicate, more cottony, and more compact. 

Asexual reproduction . — The sporangia differ from 
those of the other species in two main respects. 
They are the longest and comparatively the narrow- 
est studied, measuring 38-122 p long by 4-14 p 
wide, with the mean ratio of length to diameter, 
8.7:1, approximately one and one-half times that 
of M. Taylori. Because the zoospores are usually 
uniseriate, the number is not greater than that in 
the shorter and wider sporangia of the other spe- 
cies, where they may be formed in several rows. 
The sporangia (fig. 32) of M. elongata bear typi- 
cally at least one lateral papilla, a condition rare 
in all of the other species. 

Sexual reproduction . — Although sex organs of 
M. elongata have developed at temperatures of 
26-32 °C., they are most abundantly produced at 
about 26-27 °C. The method of development and 
the resulting arrangement of sex organs are like 
those of M. Taylori, from which they differ chiefly 
by reason of their elongate appearance, and the 
typical formation of more than one egg in the 
oogonium. The mature oogonium is 17— 35 p long 
by 7-12 p in diameter. In about one-half of the 
oogonia one egg is produced; in the others there 
are usually two or three, although as many as eight 
have been observed. Both terminal and hypogynous 
antheridia may be produced. The terminal ones 
(fig. 34) are 20-45 p long by 3-5 p wide — little 
broader than the attendant hyphae. The hypogy- 
nous antheridium (fig. 33) consists of a cylindrical 
section of the suboogonial hypha 2-19 p long, and 
a protruding beak 10-35 p long by 3-5 p wide. Both 
types may have lateral papillate outgrowths, but 
these have not been observed to function as exit 
pores, as do similar projections on the sporangia. 
Four to seven antherozoids may be delimited. 

Fertilization and the emergence of the zygote 
occur precisely as in M. Taylori . Often, however, 
the zygote does not emerge or, if it does, encysts 
at the mouth of the oogonium. In cases of non- 
emergence, the oospore assumes the shape of the 
oogonium. 

Mo noble pharella mexicana Shanor 

Isolate: M x . Collected by W. C. and M. M. 

Leavenworth, Mexico. 

Mycelium . — Like that of M. TaylorL 

Asexual reproduction . — The measurements of the 
length of the sporangia of M. mexicana (fig. 35) 
are intermediate between the isolates of M. Taylori 
and M. elongata , ranging from 23 to 92 p , while the 
average width, 9.4 p, is about the same as that of 
M. Taylori. The mean ratio of length to diameter 
in M. mexicana is 6.3:1, slightly higher than in 
M. Taylori , but much longer than in M. elongata. 
The development of secondary sporangia is typical- 
ly sympodial, as in the preceding species, but occa- 
sionally may be basipetal. 

Sexual reproduction .— More difficulties have 
arisen in attempts to induce the formation of sex 


organs in M. mexicana than in any other species. 
These organs have been found to develop only a t 
30 °C., and even at this temperature they app ear 
only sporadically. It is evident that further investi- 
gation will be necessary to determine the optimum 
conditions for the production of sex organs in this 
species. 

The sequence of development of the oogonia and 
antheridia, as described by Shanor (1942), is ex> 
aetly the reverse of that in M. Taylori and M. elon- 
gata. In the present material it was observed that 
the antheridium develops terminally on a hyp] la 
(fig. 36-37). When mature it is 11-25 p long Tv 
4-8 p wide and bears from two to eight anthero- 
zoids. It may have the rounded apex common to 
other species, or it may taper very slightly apieallv. 
On the tip of a branch arising beneath the anther j- 
dial cross wall, either another antheridium or an 
oogonium may develop. Hyphae bearing only an _ 
theridia are common in the species (fig. 40) an( j 
occasionally branches are produced on which there 
are many antheridia and only a few oogonia. Typi- 
cally, however, an oogonium will be formed on* the 
lateral branch directly above the male organ (-fig, 
38-39). The mature oogonium is 13-25 p long by 
7-15 p wide. It usually bears only one egg. j$y 
sympodial branching additional pairs of sex organs 
may be produced. The arrangement, with the male 
structure always slightly below the female, ps a 
very characteristic and striking feature of this spe- 
cies. In old or heavily contaminated cultures, the 
sex organs show a strong tendency to be clustered, 
more so than in other species. The eggs formed 
under such conditions are usually abnormal, con- 
taining a few very large globules, and often encyst- 
ing or disintegrating in the oogonium. 

Perhaps the sequence of development of the sex 
organs and the frequent production of antheridia 
without accompanying oogonia are of advantage in 
ensuing frequent cross fertilization, but this can- 
not be stated with certainty. 

Monoble pharella Laruei Springer 

Isolate: L x . Collected by C. I). LaRue, Nica- 
ragua. 

Mycelium . — Like that of M. Taylori . 

Asexual reproduction . — It is in the formation of 
secondary sporangia by basipetal development that 
the asexual stages of M. Laruei are distinctive. The 
primary sporangium closely resembles that 0 f M. 
Taylori , Instead of developing into a branch hearing 
a terminal secondary organ, the swelling below the 
cross wall develops directly into a geniculate spo- 
rangium, which is then delimited basal ly from its 
attendant hypha by a cross wall (fig. 41). Several 
sporangia may form in this maimer, one below the 
other. Typically, as each sporangium develops, it 
comes to lie with its long axis in line with that of 
the hypha, and the first-formed sporangium now 
appears to be a lateral outgrowth. This method of 
sporangial development has been observed j n M. 
Laruei in comparatively clean cultures and may be 
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Table 1. Mean measurements in microns of one hundred of each of the reproductive organs of 

ten isolates of Monoblepharella. 


Isolate 

Sporangia 

Length Width 

Oogon 

Length 

ia 

Width 

Antheridia 

Length Width 


p 

p 

d 

p 

p 

p 

M . Taylori 

Ti 

49.5 

9.5 

13.1 

9.8 

13.4 

5.4 

T> 

48.4 

8.8 

19.1 

10.3 

19.9 

5.3 

T 3 

t 4 

50.7 

9.0 

13.9 

9.9 

14.0 

5.0 

45.7 

10.9 

14.0 

10.1 

15.8 

5.5 

t 5 

51.8 

9.3 

15.0 

8.9 

15.9 

6.0 

T« 

58.8 

9.7 

18.1 

9.9 

90.8 

5.3 

M. elongata 

E t 

7 5.9 

8.6 

99.4 

8.3 

31.3 

4.9 

E 2 

63.5 

8.0 

99.8 

8.1 

31.4 

4.1 

M. mexicana 


56.7 

9.4 

18.9 

10.4 

18.9 

5.8 

M. Laruei 

Li 

4 3.8 

10.1 

15.9 

9.4 

10.9 

5.0 


considered as a distinctive feature of the species. 

Sexual reproduction. — M. Laruei , on the basis of 
its sex organs, appears to be most closely related 
to M . mexicana but differs from Slianor’s species in 
the frequent basipetal type of development of the 
oogonia. Sex organs have been produced abundant- 
ly at all temperatures between 26 and 32 C. First 
a terminal antheridium is formed (fig. 42). Al- 
though it measures 8—19 p long by 4—7 p in width, 
this structure has the smallest average length, 11 p, 
of any found in the isolates studied. From two to 
five antherozoids are produced. 

The lateral outgrowth which soon forms beneath 
the antheridial cross wall may develop into a short 
branch bearing a terminal oogonium (fig. 45) or it 
may begin to expand to form a subantheridial 
oogonium (fig. 48, 46). This method of oogonial 
development corresponds closely to that of the 
hypogynous antheridia of M. Taylori and M. elon- 
gata. When the oogonium of M. Laruei is first cut 
off, the antheridium, now epigynous, lies in a direct 
line with the long axis of the hypha. Frequently, 
how r ever, the oogonium rather than the antheridium 
assumes this alignment and the antheridium then 
appears lateral (fig. 44). Occasionally a second 
female organ may be cut off below the first. The 
oogonia are obpyriform or geniculate, depending 
upon whether they are terminal or intercalary. 
They measure 11-20 p long by 7-12 p in diameter 
at the widest point. Rarely tw r o eggs are formed in 
an oogonium. 

Oospores are produced in large quantities, but as 
yet their germination has not been observed. It is 
not known how long they will remain viable. 

Quantitative data. — Quantitative data in re- 
gard to each of the species described above were 
obtained by taking measurements from camera 
lucida drawings. One hundred outline drawings 
were made of each of the reproductive organs, spo- 
rangia, oogonia, and antheridia, for each isolate. 


The length and maximum diameter were recorded 
and the ratio of length to diameter calculated for 
each organ. The means of the lengths and diameters 
are shown in table 1 and the ratios of length to 
diameter are presented in graphic form in dia- 
gram 1. 

These graphs show the ratio of length to diame- 
ter for sporangia, oogonia, and antheridia as these 
are found in the various species. In general, the 
sporangia are longer and more slender than the 
other organs, antheridia are intermediate, and oogo- 
nia are the shortest and proportionally the widest. 
The tendency toward shortness or elongation seems 
to be characteristic of all the organs of a given iso- 
late. Where, for example, the sporangia are excep- 
tionally long, as in isolate Ei of M. elongata, the 
oogonia and antheridia are also long as compared 
to those of other isolates. Because the organs of 
M. elongata are not only longer than those of other 
species but are also narrower, the ratio of their 
length to diameter is especially conspicuous. Quan- 
titative differences between the isolates of M. Tay- 
lori , M. mexicana, and M. Laruei are less pro- 
nounced. 

Discussion. — Of approximately sixty different 
soil samples examined in this investigation, ten have 
yielded fungi referable to the genus Monoblepha- 
rella. This would indicate that members of this 
genus are of not infrequent occurrence in the warm- 
er regions of the Western Hemisphere. That no 
member of the genus was described until 1939 may 
be accounted for by their slow growth and conse- 
quent very late appearance in a gross culture. Thus 
it was sixty-eight years after Cornu (1871) pub- 
lished his discovery of species of Monoblepharis 
before Sparrow described Monoblepharella Taylori . 

Although the similarities indicate a very close 
relationship between Monoblepharella and Mono- 
blepharis, the differences are so extensive as to 
justify unquestionably Sparrow's separation of the 
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two genera. The motile zygote propelled by the 
persistent flagellum of the male gamete in Mono- 
blepharella is a feature unique among known plants 
and, indeed^ animals as well. The mycelium and 
reproductive organs of Monohlepharella are much 
more delicate than those of Monoblepharis. The 
sporangia are comparatively wider, and the zoo- 
spores frequently produced in more than one row 
in Monohlepharella ; while in Monoblepharis , the 
sporangia^, though much longer, are not much wider 
than their attendant hyphae and the zoospores are 
typically produced in a single row. In Monohlepha- 
rella sporangia are formed at temperatures ranging 
from 13°-36°C.; and sex organs from 26°-32°C.; 
in Monoblepharis sporangia are formed predomi- 
nantly at temperatures of 8°-ll°C. and sex organs 
at about 21° C. (Sparrow, 1933). In Monoblepha- 
rella there is no oogonial papilla, the fertilizing 
antherozoid is not entirely taken into the oogonium, 
and the oospore is typically formed free in the 
water and is smooth walled; there is an oogonial 
papilla in Monoblepharis , the fertilizing anthero- 
zoid is entirely engulfed by the ooplasm; and the 
oospore remains in or at the mouth of the oogonium 
and in most species is covered with bullations. The 
refractive globules in the egg, zygote, and oospore 
of Monohlepharella are much larger than the glo- 
bules in the corresponding cells of Monoblepharis. 


And, lastly, there is a striking difference in habitat. 
Species of Monopharis have been collected on sub- 
merged vegetable debris in cool water; those of 
Monohlepharella have all thus far been recovered 
from tropical or semi-tropical soils. 

Both Sparrow and Shanor have commented upon 
the similarity of Monoblepharis regignens Lager- 
heim and Monoblepharis ovigera Lagerheim to the 
known species of Monohlepharella. Although there 
is strong evidence that they should be placed in the 
same genus, it is felt that in order to avoid f urther 
confusion of the nomenclature no such transfer 
should be made until the sexual stages of these two 
imperfectly known species have been observed. 

SUMMARY 

A study was made of eleven isolates of Mono- 
blepharella recovered from tropical or semi-tropical 
soils. A detailed description is given of the develop- 
ment and morphology of M. Taylori , followed by 
a brief statement of the outstanding characteristics 
and differences found in each of the other known 
species of Monohlepharella — M. elongata, M. mexi- 
cana, and M. Laruei. The genera Monohlepharella 
and Monoblepharis are compared. 

Department of Botan y and Bacteriology, 

Indiana University, 

Bloomington, Indiana 
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AUXIN IN LEAVES AND ITS INHIBITORY EFFECT ON BUD GROWTH IN 

GITA YULE 1 

Paul F. Smith 


In a previous publication (Smith, 1944) the 
writer presented evidence to show that mature 
leaves of guayule ( Parthenium argentatum Gray) 
may exert inhibitory influences on bud growth. This 
was noted in transplants as well as in undisturbed 
plants under certain conditions. In either case, 
latent axillary buds could be induced both to ini- 
tiate growth in larger numbers and to start in less 
time when the leaves were removed or killed. It was 
suggested that this effect was under chemical con- 
trol and that possibly auxin was the correlative 
substance, since it is known to serve this function 
in other plants (Went and Tinman, 1937; Ferman, 
1938; Miehener, 1942 and others). The purpose of 
the present paper is to report additional studies on 
this subject which demonstrate clearly that there 
is a relation between the transport of some agent (s) 
(apparently auxin) from the leaves to the stem and 
the retardation of growth of the lateral buds, and 
also that there is a correlation between the amount 
and distribution of the natural auxin and the growth 
of buds. 

Materials, methods and results. — The plants 
used in the following studies varied somewhat in 
age and size in different experiments and will be 
described briefly in each case. In general, however, 
it may be said that the plants varied in age only 
from two to twelve months and were mostly out- 
door nursery seedlings before being brought into 
the greenhouse for study. In two cases, the plants 
were young seedlings grown in flats of soil in the 
greenhouse. 

The auxin determinations 2 were made according 
to the standard Avena method. 

Girdling . — The inhibiting organs may be physio- 
logically isolated by girdling either the petioles or 
the stem below the leaf junction (flg. 7-11). The 
parts distal to the girdle remain alive and func- 
tional for a considerable time. The girdling was 
accomplished by scalding with a stream of hot 
water directed at the desired point. After such 
treatment the buds proximal to the girdle develop 
at a rate comparable to those on defoliated plants 
(compare flg. 7 and 9). Usually the stem or petiole 
above the girdle thickens rapidly and becomes 
noticeably larger than the portion below the treated 
area. The anatomical changes accompanying this 
response have not been investigated. 

Extraction of auxin . — Since there is as yet no 
standardized technique for extracting auxin from 
plant tissues, a workable method for guayule had 
to be found. The purifled-ether extraction of fresh 
tissues (van Overbeek, 1938) was tried numerous 
1 Received for publication December II, 1944. 

“ The writer wishes to thank Drs. F. W. Went and 
-1. Bonner, of California Institute of Technology, for their 
suggestions and help and for extending the use of their 
Avena laboratory, where part of the tests were conducted. 


Table 1. Comparative auxin yields in degrees Avena 
curvature of samples dried at different temperatures. 
Extract from 8.0 g. dry leaf tissue taken up in 3 ml. 
of 1.5 per cent agar. 


Temperature 

Drying time 
(hours) 

Mean curvature 
per gram dry 
tissue 

35 0 C. 

30.0 

7.5 

45 °C. 

13.0 

8.4 

55 °C. 

8.0 

11.3 

()5°C. 

3.5 

14.3 

75 °C. 

3.5 

13.4 

100°C. 

1.0 

7.4 


times with many different samples of fresh leaves, 
stems and buds. Usually, however, no auxin could 
be obtained in this way as shown by the absence of 
curvatures in the Avena test. Attempts to diffuse 
auxin from leaves and buds also were unsuccessful. 
More than fifty leaves and nearly as many buds 
were used in the diffusion tests under both light and 
dark conditions, yet no curvature resulted when 
the agar blocks were tested. 

Alkaline digests of fresh leaves in aqueous solu- 
tion as used by Avery et al. (1942) and Haagen- 
Smit et al. (1942) on non-green material were tried 
on two occasions. No auxin was secured by this 
method. 

When tissue samples, which had been dried and 
ground/ were extracted with purified ether, auxin 
was consistently found. In order to determine the 
effect of the temperature of drying, a composite 
sample of leaves was harvested and portions were 
dried at six different temperatures until they were 
very low in moisture content (less than 0.5 per cent 
remaining). This was done by taking an equal 
weight of fresh leaves for each temperature and 
drying until each sample had reached the same dry 
weight. It was found that 99.5 per cent of the 
water was removed in a forced-draft oven at 
100°C. in one hour. The other samples were dried 
until an equivalent amount of moisture was re- 
moved. The time for each temperature is shown in 
table 1. 

Soxhlet extractions were made with three-gram 
samples and dilutions made of the extract so that 
the curvatures would not exceed 15°. Thirty-six 
Avena plants were used for each determination. 
The assays were repeated four times, each of which 
showed similar results to the one presented in table 
1. Since the sample dried at the 65 °C. temperature 
yielded more auxin than the others, that tempera- 
ture was used in all subsequent tests. 

:: It was found convenient to grind dried tissues through 
the 4 mm. screen of a Wiley mill. The samples used in 
the, present study were all treated in this way. 


270 


May, 1045] 


SMITH AUXIN IN GUAYULE 


271 


All ether extractions reported here were made 
by using soxhlet extractors. The time of extraction 
for maximum yield of auxin with dried and ground 
leaf samples was established by running several 
series with different times of extraction. In each 
case the purified ether was initially poured through 
the sample and the time of extraction considered to 
start at that time. The extraction flasks were heated 
before adding the ether so that boiling of the sol- 
vent started immediately and induced the flushing 
action of the extractors for the remaining period of 
extraction. Typical results from such an experi- 
ment are shown in table 2. 


Table 2. The relation of the time of extraction to the 
yield of auxin. 


Time 

Mean curvature 
(deg. per gm. di*v tissue) 

15 min. 

3.0 

30 min. 

74 

45 min. 

13.0 

60 min. 

12.5 

180 min. 

12.6 

100 mgm. 

I. A. per L. = 11.8 


Three-gram samples of dried leaf tissue were 
used in each extraction and the extract was taken 
up in 3 ml. of agar. Further dilution of the extract 
was tried in subsequent tests with no relative in- 
crease in curvature. It may be seen that a maximum 
yield resulted in forty-five minutes, and the yield 
from these leaves is approximately equivalent to 
110 micrograms of indoleaeetic acid per kilogram 
of dried leaves. These leaves were from a different 
collection than those of table 1, yet the auxin yield 
is similar. 

Ether extracts of guayule tissues yield relatively 
large quantities of substances other than auxin. 
Rubber, resin, essential oils, gums, waxes, chloro- 
phyll and other plant substances are all ether- 
soluble and cause difficulty in taking up the extract 
in an aqueous agar solution. It was found advan- 
tageous, in some cases, to remove all of the fat- 
soluble components that would come out with petro- 
leum ether, or benzene, before attempting ethyl 
ether extraction. Auxin-a is practically insoluble 
in these two solvents (Went and Thimann, 1937, 
p. 107). A comparison of the auxin yield of leaves 
from young plants of guayule (which were low in 
rubber, resins, etc.) with and without pre-extrac- 
tion is shown in table 3. The pre-extraction time 
varied between six and fourteen hours depending 
on the material being extracted. The auxin extrac- 
tion was for one hour. Different samples were used 
in the pre-extraction with each solvent so that 
although samples A and B are comparable, C is not. 
Since the auxin yield is apparently unchanged by 
pre-extraction with these solvents, this method was 
subsequently used in making determinations on 
woody samples which were rich in rubber and resin. 


Distribution of natural auxin in guayule . — Using 
the above procedures, assays were run on normal 
eight-month-old seedlings that were hardened and 
dormant from winter conditions. These plants were 
harvested in April and fractionated arbitrarily into 
five tissue groups: (1) partially expanded leaves 
under three-fourths inch in length, (2) mature 

Table 3. Auxin yield of leaves of young seedlings of 
guayule with and without pre-extraction with petro- 
leum ether or benzene. 


Mean curvature per gram 
Sample A B C 


With petroleum ether 

16.0 

16.8 


W ithout petroleum ether . . , 

17.2 

16.2 


With benzene 



11.5 

Without benzene 



11.2 


leaves plus those partially mature and larger than 
(1), (3) terminal buds, (4) stems, and (5) the 
upper six inches of the tap roots. The results of a 
typical auxin determination are shown in table 4. 
From the data in table 1 it may be found that the 
leaves comprise slightly more than one-third 
(37.3 per cent) of the fresh weight of these plants 
yet they contain over two-thirds (71.3 per cent) of 
the auxin that was extracted. Not only do the leaves 
yield most of the auxin by this method of extrac- 
tion but mature leaves yield considerably more than 
the immature ones. The apparent significance of 
this fact will be discussed later. 

Molecular weight of guayule auxin . — Diffusion 
tests for determining the approximate molecular 
weight of the auxin obtained from guayule leaves 
were made following the general procedures of 
previous workers (Went, 1928; Heyn, 1935; and 
van Overbeek, 1940). The method is quite simple. 
Four agar blocks (0.88 mm. thickness) are stacked 
one on another in such a way that the upper one 
contains the plant extract. After a given length of 
time, at a known temperature, the blocks are sepa- 
rated and the auxin contents determined by the 
A vena test. Under these conditions, the distribution 
of the auxin in the four blocks is related to the size 
of the auxin molecule. By matching the values 
found for the four blocks with identical relative 
values in the diffusion table (Heyn, 1935) a cor- 
responding diffusion coefficient (D) is found. This 
coefficient is related to the molecular weight as 
7 V 1 07 

M.W. =■ — — . The results of three such tests 

are given in table 5. The average of the three tests 
gives a value of 166 which is close to that expected 
for indoleaeetic acid. This strongly indicates that 
the auxin is either indoleaeetic acid or a very simi- 
lar compound, and not auxin-a or b. As a matter of 
fact a M.W, of 168 was obtained for indoleaeetic 
acid from a parallel experiment to that used in 
determining the M.W. of the guayule auxin. 

Auxin drop following defoliation .— If auxin 
from the leaves is the inhibiting agent on lower 
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Table 4. Distribution of the ether-extractable auxin in various portions of normal, J 2-mo nth-old guayule seedlings 
Ini) vested in A pi il , 1944. A ll extracts taken up in 1.0 nil. 1.5 per cent agar. 


Part of plant 

Fresh 
wt. gms. 
per plant 

Per cent 
IFO in 
fresh tissue 

Wt. of dry 
sample 
extracted 
in gms. 

Mean 

curvature 

Indoleaeetie 
equivalents per 
kgm. fresh wt. 
(micrograms) 

Per cent 
of total 
extracted 
auxin 

Root (tap) 

2.7 

55.5 

4 

8.0 

7.42 

7.93 

Stem 

. . . 5.2 

54.4 

4 

9.2 

8.74 

17.99 

Terminal buds 

0.5 

65.0 

0 

9.6 

14.00 

2.77 

Young leaves 

2.2 

68.0 

I 

9.7 

25.87 

22.53 

Mature leaves 

2.8 

64.8 

1 

15.0 

44.00 

48.77 

100 mgm. I.A. per I, 




12.0° 


99.99 


axillary buds, it is necessary to conclude that the 
auxin is transported through the stem to the buds. 
This in turn would suggest the hypothesis that 
stems of inhibited plants should be higher in auxin 
than stems of non-inhibited plants. In order to test 
this, groups of nursery plants were defoliated and 
transplanted into crocks ; others were transplanted 
with the leaves on. After four days' time samples 
were harvested from both groups. The leaves were 
removed at this time from the second group, and 
assays for auxin were made on the dried stems. 
Table 6 shows the results of three such tests. Two 
types of seedlings were used in this experiment: 
(1) large seedlings that were about eight inches 
high and ten months old and (2) small ones that 
were about four inches high and five months old. 
Both groups showed visible bud growth seven days 
after defoliation. 


in close agreement with the yield shown in table 4 
for stems of similar aged seedlings. These plants 
were from the same source and show that the auxin 
content of the stem changes little (in the presence 
of leaves) on standing four days after transplant- 
ing (compare stems in table 4< with freshly-defoli- 
ated stems of large seedlings in table 6). 


Table 6. Auxin assay on inhibited (freshly defoliated) 
and non-inhibited (4-day pre-de foliated) stems. Ex- 
tract taken up in 1 ml. agar. 


Plant type 

Dry weight 
of sample 
extracted 
gms. 

Mean curvature 

Freshly Pre- 

defoliated defoliated 

Large seedlings A . . 

. . 3.0 

7.8° 

4.5° 

Large seedlings B . . 

. . 3.0 

9.0° 

4.8° , 

Small seedlings 

. . 3.0 

17.1° 

5.4° 


Table 5. Diffusion coefficients and molecular weights of 
three known auxins and the values determined for 
guayule auxin and 3-indoleacetic add. 




Molecular 

weight 


Auxin-a“ 

0.414 

328 


Auxin-b a 

0.426 

310 


3-indoleacetic acid a 

. . . 0.567 

175 


Guavule auxin 

. . , 0.582 

166] 

Mean 

Guayule auxin . . . . 

. . . 0.570 

1731 = 

166 

Guavule auxin 

... 0.595 

159J 


3-indoleacetic acid 

... 0.578 

168 



“ Values given by van Overbeek (1940). 


It may be seen in table 6 that the yields from 
the stems of large, freshly defoliated seedlings are 


Essentially the same response was obtained when 
young, established plants were defoliated without 
disturbing the root systems. The auxin assays of 
such an experiment are given in table 7, where it 
may be seen that the extractable auxin had de- 
creased to one-third its original value after three 
days of defoliation. After six days several young 
buds on each plant had made sufficient growth to be 
visible and the auxin yield was slightly greater. 
Whether there is a significant difference between 
the auxin contents on the third and sixth days may 
be subject to doubt, yet the increase is consistent 
with a still greater increase at twelve days, at 
which time there were many leaves from one-half to 
three-fourths of an inch in length. This latter in- 
crease is one of 78.6 per cent over the amount 


Fig. 1-11. Guayule seedlings used in certain auxin assays and girdling experiments.— Fig. 1-6. Typical seedlings 

used in auxin assays of the stems,— Fig. 1. The above ground portion of the plant at the start of the experiments.- 

Fig. 2, The bare stem three days after defoliation and decapitation with buds still invisible. Big. 3. A similar plant 
after six days. Note the many buds.— Fig. 4. A similar plant after twelve days with many young branches and leaves. 
— Fig. 5. Untreated plant after six days, which shows considerable growth as compared to the starting condition 
(fig. 1).— Fig. 6. A plant similar to that shown in figure 5, but with the leaves removed to show the. absence of 
lateral bud growth. — Fig. 7. A twig with the terminal bud and all but two leaves removed and these with scalded 
petioles. — Fig. 8. A similar twig without scalding. — Fig. 9. A twig with all leaves removed. Note the similarity of the 
stems of figure 7 and 9 and the contrast of these two with figure 8 in respect to bud growth.— Fig. 10-11. Two twigs 
of the same general type, each of which had some of the lower leaves removed. The stem of the plant in figure I I 
was girdled with boiling water. Note the growing buds on the plant in figure 11. 
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Table 7. Auxin- assays, in degrees curvature per Avena plant, of the stems of two-month-old guayule seedlings grown 
in soil flats in the greenhouse (July- August, 19 U). The- extract from J h 0 g. dry samples was taken up in 1 nil agar. 


Treatment 

Defoliated and 
sampled after 

Defoliated at the start of the experiment and the stems sampled 
after the following lengths of time 


6 days 

0 days 

3 days 

6 days 

12 days 

Mean degree curvature 

16.5° 

16.3° 

5.6° 

7.0° 

10.0° 

General observations on lateral 
bud growth 

No change 
(see fig. 5 and 6) 

No change 

(%-i) 

No change 
(«g. 3)' 

New buds 
appearing 
(fig. 3) 

Many young 
leaves Vi" to 
%" in length 
(ffg- 4) 


present on the third day. In order to see if the 
auxin content of the stems was similar from day 
to day in the normal, plant, a second harvest of 
freshly defoliated stems was. made on the sixth 
day. The auxin yield was remarkably close to that 
found in the freshly defoliated stems of the initial 
harvest. Each determination was made from a mass 
sample of thirty plants per treatment and the 
curvatures are mean values of thirty-six Avena 
plants per sample. Typical stems of the various 
groups are shown in figures 1-6. 

Of the four tests made on the decrease in auxin 
in sterns following defoliation, it is striking that the 
auxin reached virtually the same level, even when 
the plants were of different ages and grown under 
different conditions. The change in auxin also was 
apparently independent of the disturbances of 
transplanting. This would logically be expected if 
auxin were acting in some direct way as the in- 
hibitor of bud growth. 

Inhibition by applied auxin . — Lanolin containing 
3-indoleacetic acid was applied to both stem tips 
and petioles of defoliated plants. Mixtures con- 
taining 0.5 per cent, 2.5 per cent and 5 per cent 
indoleacetic were applied to petioles. Only the 0,5 
per cent concentration was applied to stem tips. 
Sixteen plants were tested with each treatment. 
These were young plants varying from four to five 
inches in height. Thus, the “root crown” was at 
least four inches below the stem tip. Table 8 shows 
the number of plants with expressed lateral buds 
in fourteen days. The terminal buds were removed 
from all plants. It is to be noted that application 
of auxin directly to the stem was more effective than 
application to the petiole. Virtually complete in- 
hibition was realized in this manner. Apparently 
auxin diffuses , more slowly through petioles than 
through stem-tips. The fact that in some plants the 
buds several inches away from the stem tips started 
enlarging might indicate that auxin did not diffuse 
through the petioles at a rate adequate to get suffi- 
cient amounts through all the stem to cause inhibi- 
tion. This might be explained in part on the basis 
of small contact areas in the petioles. It is perhaps 
of more importance, however, that the petioles usu- 
ally turned yellow and in, some cases died in the 
first few days. It is possible that the petioles were 
isolated by the formation of cork which has been 


found to precede normal leaf fall (Addicott, 1945). 
In this experiment, the plants that developed buds 
near the crown did not develop buds on the upper 


Table 8. The effect of applied auxin on the expression of 
lateral buds after 14 days. 


Treatment 

Number plants with 
buds growing- 

near near 

stem tip root crown 

Leaves on 

0 

0 

Leaves off 



a. lanolin on stem tip . 

16 * 

0 

b. lanolin on petioles 

..... 15 

0 

c. 0 . 5 % I.A. on stem tip 

0 

1 

d. 0 . 5 % I.A. on petioles 

6 

7 

e. 2.5% I.A. on petioles 

0 

5 

f. 5 . 0 % I.A. on petioles 

1 

' 4 


portion of the stem. Thus, for the total number of 
plants growing in each treatment, the values in the 
two columns should be added. 

Strong inhibition of buds on defoliated stems of 
established young guayule plants has also been 
found when 1.5 per cent indoleacetic acid in lano- 
lin is applied to decapitated stem tips. 

Auxin and succulency . — Hardening of plants 
prior to transplanting is an old practice and is 
known to be beneficial for many types of plants. 
Guayule is no exception in this respect, a fact that 
has been known for some time and was recently 
substantiated by Kelley, Hunter and Hobbs (1945). 
It was considered possible that one of the differ-, 
ences responsible for the superior transplantability 
of hardened guayule plants might be a lower auxin 
content. To test this hypothesis, assays were made 
on the leaves, stems and tap roots of plants 4 sub- 
jected to differential water application. The exact 
treatment, in respect to moisture, is presented else- 
where (Kelley et al., 1945), and is only mentioned 
in general terms for the present purpose. The 
seedlings were all given abundant water until the 
plants were established, a period requiring about 
six weeks. Thereafter, plants subject to treatment 
I continued to receive an abundance of moisture, 
those given treatment III an intermediate amount, 
while those receiving treatment V received no fur- 
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Tabus 9. The auxin content of 'plants grown under differential moisture treatments. 





Leaves 


Stems 


Roots 




Per 

Deg. curva- 

Per 

Deg. curva- 

Per 

Deg. curva- 

Mean wt. 



cent 

ture per 

cent 

ture per 

cent 

ture per 

per plant 



HoO 

gm. dry wt. 

Ho O 

gm. dry wt. 

HoO 

gm. dry wt. 

(dry) 

Treatment 

I 

82.8 

33.2 

82.6 

16.3 

76.0 

9.7 

U 9 g. 

Treatment 

Ill 

83.8 

33.5 

80.0 

17.1 

75.8 


0.68 g. 

Treatment 

V 

....... 72.8 

16.6 

67.1 

10.0 

62.1 

4.3 

0.34 g. 


ther water application. Six weeks later (July 83, 
194*4) samples were taken. Plants subjected to 
treatments I were highly succulent, those receiving 
treatment III only slightly less so in appearance, 
whereas those given treatment V were quite small 
and non-succulent. The last-mentioned group was 
the only one in condition for easy transplanting. 
The auxin determinations are shown in table 9. 
One hundred plants of each treatment were massed 
and the tests for auxin made from aliquots. 

The amount of auxin per unit of dry tissue was 
about twice as great in the two groups that received 
water during the whole growing period as in the 
hardened group. This response shows an inverse 
relationship between the transplantability of the 
plants and their auxin content at the time of trans- 
planting. The hardened plants showed quicker 
starting and higher survival percentages than the 
two succulent groups (Kelley et oL, 1945). 

Discussion. — Any conclusions to be drawn from 
the present study are of course contingent on the 
validity of the extraction method used. No attempt 
was made to attain total auxin extraction. The 
auxin fraction given off in the first few hours of 
ether extraction from dried samples of guayule 
was found to be reproducible (table 2) and addi- 
tional extractions were found to yield only traces 
of this substance. The auxin which is readily ex- 
tracted in the first few hours is probably the im- 
portant fraction available for physiological func- 
tions (Went, 191*4) and the discussion herein pre- 
sented is based on this assumption. 

The general ffndings of the experimental work 
just presented seem to fit reasonably well into the 
picture of bud inhibition as developed from previ- 
ous wmrk. Certain phenomena, in the case of gua- 
yule, are different from those previously described 
for other plants. For example, leaves have been 
shown to cause inhibition of axillary buds in certain 
plants (Snow, 1929; Dostal, 1926, etc.) yet in no 
other plant has it been demonstrated that mature 
leaves may be the major source of the inhibitor 
(Smith, 1944). Leaves have been shown to produce 
auxin (Snow, 1929; Avery, 1935; Goodwin, 1937; 
Delisle, 1937, etc.) yet the production of this sub- 
stance has consistently been found to be chiefly a 
function of young, partially expanded leaves. The 
present findings show that fully matured leaves of 
guayule yield more auxin on a unit of weight basis 

4 Plants kindly provided by Dr. (). J. Kelley, Soils 
Division, Gua vuie Research Pro j ct. 


than the partially developed leaves. Also, the ter- 
minal bud or coleoptilar apex of other plants has 
proved consistently to be a major source of auxin, 
yet in guayule the apical buds are scarcely any 
richer in auxin than the young stems. 

The yield of auxin from guayule tissues is of 
the same order of magnitude as that reported for 
certain other plant materials. Yields of 0.5, 50, 50, 
and 80 micrograms per kg. fresh weight are re- 
ported for corn, pea, Elodea, and Bryopsu (van 
Overbeek, 1940) ; 24-31 micrograms for tomato 
leaves and stems (Gustafson, 1941); 0.02 and 110 
micrograms for the scale leaves and stem tip of 
Lilium longiflorum (Stewart and Stuart, 1942), 
etc. The value of 44 micrograms found in mature 
guayule leaves seems to be about an average amount 
for vegetative plant structures. Much higher yields 
of auxin are known for certain materials. The grain 
of wheat, for example, has been found to yield 
large quantities of auxin upon hydrolysis (Haagen- 
Smit et al.j 1942) and Thimann, Skoog and Ever 
(1942) report large yields of auxin from Leinna 
upon enzymatic hydrolysis. These authors state 
that the large yields are due to the release of bound 
auxin by hydrolysis. This form of auxin is appar- 
ently not readily extracted by solvent extraction 
alone. 

The experimental results presented leave little 
doubt that the leaves are important in the retarda-* 
tion of new bud growth after transplanting and 
also play a role in the branching of normal plants. 
The close parallel between the displayed inhibiting 
effect and the auxin distribution points strongly to 
auxin as the correlative substance. Just how auxin 
functions and what becomes of it seems to be as 
yet unknown for any plant. It is clear, however, 
that the auxin concentration is not a static entity 
but fluctuates with changed conditions. Light, tem- 
perature and water are known to change the auxin 
relations within the plant (Went and Thimann, 
1937). 

That auxin may be the inhibiting factor for lat- 
eral buds has been known for certain other plants. 
Went and Thimann (1937, pp. 211-218) state that 
this is the case with Vicia and Pi sum and perhaps 
plants in general. The correlation between the 
amount of extractable auxin and inhibition of lat- 
eral buds in guayule is in complete agreement with 
the results of Michener (1942) who' worked' with 
potato tubers. In both cases the growth of buds 
followed a decrease or destruction of auxin. 
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The extraction of auxin from dried material lias 
been a subject of some discussion in the literature. 
Ether extraction of dried samples has been pre- 
viously used by other workers (Thimann and Skoog, 
1940; Gustafson, 1941; Link et al. s 1941 and 
others), although smaller yields were obtained than 
with other techniques. Went (1944) found an in- 
crease in auxin yield as a result of drying. The 
present findings also show that extraction from 
dried guayule leaves yields many times as much 
auxin as from fresh leaves. In fact, virtually no 
auxin has been obtained from fresh leaves. It seems 
quite possible that reduced auxin destruction by 
drying is responsible for the increased yield (a 
view expressed by Went, 1944). The decrease in 
auxin yield by temperatures over 65 °C. is perhaps 
due to auxin destruction by heat. Thimann et al. 
(1942) state that heating Lemna to 100° causes 
auxin destruction. 

SUMMARY 

Ether extraction of fresh tissues of guayule 
yielded little or no auxin. When the tissues were 
dried ether extractable auxin was consistently 
found. 

The distribution of auxin in guayule differs from 
that previously described for other plants. The ma- 
tured leaves yielded the greatest amount of auxin 


on a unit of weight basis. The young leaves yielded 
less auxin, although they were much richer than the 
terminal buds, stems or roots. Succulent nurserv 
plants showed approximately twice as much auxin 
on a dry weight basis as drought-hardened plants 
of the same age. 

The growth of lateral buds was found to follow 
a decrease of auxin in the stems, in both transplants 
and plants with undisturbed root systems. 

By determining the diffusion rate of the guayule 
auxin, a molecular weight of 166 was found, which 
indicates that 3-indoleacetic acid is the natural 
auxin. 

Application of 3-indoleacetic acid in lanolin re- 
tarded the growth of axillary buds when applied 
directly to the decapitated stems. Only partial in- 
hibition followed the application of auxin to the 
petioles ; this appears to be due to quick abscission 
and poor transport through the petiole. 

Steam girdling of both stems and petioles re- 
sulted in the immediate growth of proximally lo- 
cated lateral buds, which appears to indicate that 
the transport of auxin from leaf to bud was pre- 
vented. 

Bureau of Plant Industry, 

Agricultural Research Administration, 

United States Department of Agriculture, 
Salinas, California 
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OBSERVATIONS ON SPIRAL GRAIN IN TIMBER 1 
J. H. Priestley 


Occasionally the elongated elements of the 
wood in a tree lie rather uniformly at an angle to 
the long axis of the stem; this arrangement natu- 
rally affects the properties of the timber and is 
spoken of as spiral grain. 2 For some years ob- 
servations have been made in these laboratories, 
as opportunity permitted, upon the grain in wood, 
and in particular study has been made (Misra, 
1939) of spiral grain in softwoods (Conifers). 
The writer had gained the impression from these 
studies that a similar type of grain rarely oc- 
curred in hardwoods (Dicotyledons), though other 
types of grain seemed to have been incorrectly re- 
ported as spiral grain on several occasions. In 19-12, 
however, the removal of iron railings in a street 
near the University of Leeds, England, drew at- 
tention to a trunk of elder ( Sambucus nigra L.) 
that seemed to be a clear example of spiral grain. 
While this trunk was being intensively studied, 
other elder stems were found showing similar 
structure, and examples of spiral grain in other 
hardwood species were also found in and near 
Leeds. It transpires, however, that such spiral 
grain in hardwoods differs in fundamental points 
from the apparently similar phenomenon in soft- 
woods, and a comparison of the two types of spiral 
l grain is therefore attempted in the following pages. 

While it is naturally impossible to make broad gen- 
eralizations from the comparatively few specimens 
studied here, certain tentative suggestions can be 
made as to the factors associated during growth 
with the ultimate production of spiral grain. 

It seems desirable to preface the present obser- 
vations upon spiral grain in hardwoods, a subject 
that lias so far received little attention, with a 
brief statement of the characteristics of spiral, or 
twisted, grain in softwoods. Examples of spiral 
grain in softwoods have frequently been recorded 
and studied, but the observations require re-exami- 
nation after considering the apparently related 
phenomena in the hardwoods. 

Spiral grain in the softwood. — A very full 
account of this type of wood, as it occurs in the 
Indian chir pine ( Pinus longifolia Roxburgh) is 
given by Champion (1925) and the literature prior 
to that date is fully cited. Our observations, in par- 
ticular many made by Misra (1939), first in this 
country and then in India on the same species, sup- 
port in the main the generalizations of Champion. 
We are in complete agreement that the wood of the 

1 Received for publication July 25, 1944. The editors 
regret to report the death of Professor Priestley on Octo- 
ber 31, 1944. 

The author desires to express his thanks to Mr. A. Mil- 
lard for all photographs and for his diligent and successful 
search for spiral-grained hardwoods, and to Miss K. M. 
Mattinson for preparation of the manuscript for press. 

2 The term “spiral” is retained since it is already in com- 
mon usage, though technically “helical” would be more 
correct. 


first year shoot is invariably straight, that the 
twisted grain may appear in the wood of the second 
year or later, and that it is usually left-handed (in 
the sense in which this term is used of the cutting 
spiral on screws, a left-hand twist seen on the outer 
surface of the w r ood will run from the left at the 
top to the right below) when it first appears. 

In a young tree the twist will usually become 
more marked (i.e., the angle that the wood elements 
make with the vertical will become larger) as the 
trunk grows older; the twist will therefore at first 
be more marked at the base of the sapling, espe- 
cially in the hypocotyledonary region, and will 
diminish upward until it is entirely missing in the 
first year extension shoot. The spiral is never con- 
tinued far down into the root. 

Champion describes the branches from a trunk 
with spiral grain as showing “a tendency to be more 
intensely twisted” (1925, loc. cit. p. 17). Our ob- 
servations on softwoods grown in England led us 
at first to challenge this statement. In English- 
grown softwoods striking cases of twisted grain 
are not of such frequent occurrence as in the chir 
pine, but in all cases examined, horizontal brandies, 
even on trunks with twisted grain, showed rela- 
tively straight grain. Misra confirmed tills conclu- 
sion after his return to India on young trees of the 
chir pine and we found ourselves in complete agree- 
ment with Jacobs (not dated) who reported that, 
in Pinus radiata grown in Australia, twisted grain 
was only found in branches which were growing as 
substitute leaders or in competition with the leader. 
Attention is drawn by Canning (1915), how T ever, 
to the “contorted” forms of branches frequently 
seen in overmature trees of chir pine. These trees 
often show a right-handed twist on the trunk, and 
in the “contorted” branches the degree of twist is 
often still greater. In England, old trees of Pinus 
sylvestris often have a number of branches grow- 
ing irregularly upwards, and on these also w r e have 
now noted a late-developing right twist. 

After a few or many years of increasing inclina- 
tion of the grain in the trunk, trees of Pinus longi- 
folia with left-handed spiral grain, as they ap- 
proach maturity often show a gradually diminish- 
ing spiral inclination, and in mature, or over-ma- 
ture, timber the wood elements in the outer layers 
of wood may run vertically or a reversal of the 
direction of twist may be noticed. In this species a 
right-handed twist is described as appearing rela- 
tively late in the life of the tree, possibly after 
150 years, but in P. sylvestris and P. montana it 
is reported in trees with a diameter of about 6 
inches, and in Picea excelsa it appears as early as 
the 10th year (Champion, 1925). 

Spiral grain in the hardwood.— Nearly all dis- 
cussions of spiral grain, though they may refer in- 
cidentally to hardwoods, are based, in any analysis 
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of detail, on softwood examples and it is assumed 
that the phenomenon will be of the same general 
character in hardwood species. This assumption we 
shall find to be invalid, and difficulty arises from 
this cause at the outset, since a limited examination, 
such as would justify a report of spiral grain in a 
softwood, does not suffice in the case of a hardwood. 
If the bark is removed from a localized area of a 
softwood trunk and the wood elements show a defi- 
nite tilt, then, apart from branch entry disturb- 
ances, spiral grain may safely be assumed; in a 
hardwood, tilted elements in a localized area free 
from branch insertions provide no safe criterion of 
the occurrence of spiral grain. In many hardwoods, 
especially in older trees, the course of the wood 
elements may diverge widely from the vertical but 
in so variable a manner that the grain is better 
described as irregular or wavy. In wavy grain, seen 
fairly frequently in ash and oak, the same undu- 
lating course may be followed throughout the older 
rings over many years, so that the wood, if split, 
shows on the radial face long transverse ridges 
alternating with grooves (Desch, 1938 loc. cit., fig. 
59), though any ridge or groove followed outwards 
may gradually fork into two as the waviness be- 
comes more accentuated. In these cases it seems 
clear that the course of the files of cambium ele- 
ments has slowly become and remained undulating, 
and the same general wave is repeated in each suc- 
cessive increment of wood. This is quite a frequent 
phenomenon. More frequent still, perhaps, espe- 
cially in Indian and tropical timbers generally, is 
a combination of such an undulating course of the 
wood elements with rapid and repeated changes in 
direction of the elements in successive radial incre- 
ments (Desch, 1938, fig. 58). This interlocked grain 
has been fully described by Hartley (1922) under 
the term double cross grain. 3 It is also seen in Eng- 
lish timbers such as the elm ( Ulmus campestris L.), 
and is responsible for much exasperation when bil- 
lets are being split for the fire. 

Some original reports of spiral grain in hard- 
woods have turned out to be cases of either wavy 
or interlocked grain, but the trunk of elder now r 
available for examination showed (fig. la) a strong- 
ly marked, right-handed spiral grain. This elder is 

3 Interlocking grain is described in British Standards 
(1938) as the crossing of alternating “spiral grain.” No 
such case has been seen by the writer and in view of the 
facts brought to light about spiral grain in hardwoods in 
the following pages this definition seems to need recon- 
sideration. 


unusual in having a single main trunk, and in its 
length of 2.5 meters it included three complete 
turns of the spiral. Above this level the trunk broke 
down into a number of branches, of which the two 
main branches continued to show a spiral grain, 
while three others were straight-grained ; at higher 
levels most of the branches became moribund, and 
the main spirally-twisted branches terminated in 
broken stumps, while the only living shoots were 
borne on irregularly branched systems in which the 
wood was straight-grained. 

The inclination of the spiral is very similar on the 
trunk and on the bases of the twisted branches and, 
as the internal structure of the trunk was exam- 
ined, it became evident, as might be expected in the 
elder, that the trunk, although appearing as one 
stem with spiral grain at about the same inclina- 
tion throughout, was actually of sympodial con- 
struction. Figure lb shows one region of the trunk 
split longitudinally, about one meter above the 
ground line, where on the right is seen the pith of 
a branch which continues the direction of the main 
axis while the previous main shoot ends as a dead 
stump on the left. On the right of this section of the 
trunk there is a clear indication from the plane of 
splitting that the twisted grain runs at about the 
same angle both on the original main axis below 
and on the branch above. The tree had suffered 
hard usage and much of the bark had been stripped 
from areas exposing dead wood, the only strip of 
living bark followed a spiral course which con- 
formed generally with the inclination of the spiral 
grain in the underlying wood. Evidently, as might 
be expected, the long axis of the fusiform initials 
of the cambium lay at the same inclination as the 
wood within. 

This clear case of spiral grain in elder is distinct 
from wavy grain because the wood elements lie on 
the whole parallel with one another but at an angle 
to the long axis of the stem. It differs from cross or 
interlocked grain because the inclination of the 
spiral does not change in direction from one layer 
of wood to another. As a result, when the trunk is 
cut into sections and the wood dries, cracks appear 
along radial lines from the periphery to the center 
and the wood finally splits into segments with ob- 
liquely tilted radial faces (fig. 2). 

The difference from spiral grain in the softwood 
is equally fundamental. In the softwood the wood 
elements of the extension shoot of the first year 
seem without exception to run vertically, while in 


Fig. 1-5. — Fig. 1. (a) Part of main stem of Sambncus showing spiral grain. Cambium still active under strip where 
bark is retained, (b) Part of trunk split longitudinally; the pith channels show that the main stem ends on left, and 
that the axis is continued sympodially by growth of branch on right. Note how spiral grain on right is obviously run- 
ning smoothly from branch to main axis.— Fig. % A piece of Samhucus stem with twisted grain has broken into two 
twisted wood fragments, through the pith, (a) Shows the two pieces fitted together, (b) In the upper fragment the 
pith is seen as a dark groove, in the lower, tissue still fills the lower part of it. The increasing tilt of the grain with 
increase in diameter is indicated.— Fig. 3. Part of stem of Clematis , showing (a) left-handed twist in sclerenchyma 
fibers, (b) fibers removed from same stem showing a deep crack in wood which has about the same direction.— Fig. 4. 
Castanea , bark on main trunk showing outermost flakes running nearly vertically over left-sloping deeper cracks.— 
Fig. 5. Cross sectional view of block from twisted larch, showing cracks after drying for 3 years. Many of the rings are 
markedly excentric. 
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the elder specimen it is equally clear that the ob- 
lique course of the wood already prevailed in the 
first year shoot and that the spiral twist then im- 
parted to the vascular strands has been maintained 
and has determined the orientation of the wood 
elements in every subsequent year. The result is a 
progressively increasing tilt to the grain of the 
wood resulting from the purely geometric condi- 



Fig. 6. Diagram showing how, if the pitch is determined 
in the first year wood, at AB, it will increase with increas- 
ing diameter, as at A'B'. 

tions due to increase in girth. Thus in figure 6 it 
will be seen that if the tilt in the wood is repre- 
sented by a line joining rays A and B then, if the 
rays run a straight radial course outwards, with 
increasing girth of the stem the tilt will increase 
on the surface of the wood, since the cambium cells 
remain in the same relative position in the growing 
cambium layer. 

In two pieces of elder stem where radial cracks 
permitted the observation of the slope of the wood, 
the angles made with the horizontal were measured 
with a protractor at different distances outwards 
through the thickness of the wood. The figures are 
given in table 1, and the cotangents of the angles 
are plotted against distances from the pith in fig- 
ure 7. In the branch these cotangents show a linear 
relation to girth, 4 so that the decreasing angle to 
the horizontal with increase in diameter is deter- 
mined purely by the geometry of the system. In the 
older stem the angle could not be determined in the 
first year wood since both pith and inner wood were 
rotten. The radial distances through the wood were 

4 This is to be expected from the geometry of the spiral, 
for in any section of the trunk as shown in figure 6, we 
have the relations: 

B'D/A'D = cot 0 

B'D/B'O = a 

Hence B'O = (A'D/a). cot 0 

Since A'D/a is constant, then cot 0 is proportional to the 
radius B'O. 



Fig. 7. Graph showing cotangent of angle of divergence 
of grain from the horizontal plotted against distance from 
center in trunk and branch of Sambucus. 


therefore measured from a central point in the 
stem. Here again the same relationship holds, as 
is clear from figure 7, until the outermost layers of 
wood are reached. The annual increments of wood 
w r ere particularly narrow in the outer rings in the 
sector of the trunk in which this radial crack was 
present and consequently the rays in these outer 
rings, instead of continuing to diverge, remained 
almost parallel. Thus the inclination of the twist, 
determined by the torsion of the original one-year 
shoot, was modified progressively so long as each 
new increment of wood had the normal increasing 
periphery, but remained constant when the incre- 
ment of wood was reduced in this localized region 


Table 1 . Sambucus — Inclination of the wood grain to the 
horizontal. 


(1). Piece from trunk. 

Distance from center 

Inclination 

7.0 cm. 

57° 

6.5 cm. 

57° 

5.4 cm. 

58° 

4.3 cm. 

65° 

3.3 cm. 

73° 

2.2 cm. 

84° 

(2). Small piece from branch. 

Distance from innermost 

layer of wood 

Inclination 

3.0 cm. 

68° 

2.5 cm. 

71° 

2.0 cm. 

74° 

1.5 cm. 

77° 

1.0 cm. 

o 

O 

CO 

0.5 cm. 

84° 

0.0 cm. 

87° 
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| so as to lead to no further divergence of the rays. 

As a further illustration of this geometric rela- 
tion, it may be mentioned that an angle of 3° (the 
inclination to the vertical on the innermost ring of 
the branch in table 1 (2)) will subtend a base line 
of 2.5 cm. (the periphery of the innermost ring of 
wood) at a distance of some 48 cm.; in this distance 
therefore wood elements inclined at the angle of 3° 
will have just completed one circuit of the periph- 
ery. In this branch the spiral shown on the surface 
layer of wood made a complete turn in about 47 
cm., so that the turns of the spiral in the wood in 
the center of the stem and in the outermost wood 
| were completed in the same longitudinal distance. 

From table 1 (2) it will be seen that the outer layer 
of wood on the 3 cm. radius made an angle of 22° 
with the vertical. At a distance of 48 cm. this angle 
should subtend a base line of some 20 cm.; the cir- 
cumference of the wood of the branch when meas- 
ured proved to be about 22 cm. — quite a good agree- 

( ment when allowance is made for the small varia- 
tions in the angular inclination of the wood in this 
layer. 

Thus in the elder the spiral grain of the wood 
has been determined throughout the whole radial 
depths of the wood by a spiral twist initiated dur- 
ing the extension growth of the first year shoot. 
The original torsion, thus seen to determine the 
production of spiral grain, would arise as a natural 

( consequence of any unequal extension of the growth 
units built around the leaf trace systems in this 
decussate shoot (Priestley, 1929; Griffiths and 
Malins, 1930), which would cause the original 
trace systems to lie at a slight angle in the axis. 
This torsion may be visible in the course of any 
ridges or grooves on the surface of the internode; 
though such effects have not been noted in any first 
year shoots of Sambucus , they are relatively com- 
mon in other Dicotyledonous shoots with elongated 
inter nodes. Good examples are often provided by 
the elongated internodes of Clematis ; as the stem 
increases in girth the epidermis ruptures, leaving 
exposed on the surface the sclerenchyma strands; 
when the fibers are removed and the wood surface 
is exposed, a spiral crack is seen in the wood show- 
ing that the grain in the secondary wood lias the 
same spiral twist as the phloem fiber strands (fig. 
3). Evidently the fusiform elements of the cam- 
bium in the slightly twisted trace strands have 
given rise throughout their activity to wood ele- 
ments which are also lying in a spiral around the 
stem. 

That no similar evidence of torsion was ever 
noticed on the first year shoots of Sa7nbucus is per- 
haps not surprising. The markedly twisted branch 
used to obtain the data given in table 1 had an in- 
clination of only 3° from the vertical in its first 
year shoot, and torsions of this order will not easily 
be recognized. This is even truer of other examples 
studied, e.g., lilac ( Syringa vulgaris L.) in which 
the initial inclination of the strands in the first year 
twig must have been even less than 3°, 


A still more striking case was observed in speci- 
mens of Castanea saliva Mill., the Spanish chestnut, 
in which well-marked twist is a common feature. 
A beautiful specimen is figured by Elwes and Henry 
(1909, plate 237) of a Japanese chestnut (C. ere- 
nata Sieb. and Zucc.) from the Atera Valley. Ex- 
cellent twisted specimens of C. saliva were found 
in the Deer Park near Otley, three with a well- 
developed right-handed twist and three with a left- 
handed twist. One large fallen trunk showed a well- 
marked right-handed twist throughout the length 
available (some 40 feet). A cross section taken from 
the middle of this trunk, which was about 0.7 meter 
in diameter, showed the wood on the surface lying 
at an angle varying between 15° and 20° from the 
vertical. Farther in, this twist gradually diminished. 
It seems clear that the grain is uniform throughout 
the trunk (though the occasional “ring shake” al- 
most invariably present in Spanish chestnut grown 
in this area must be remembered) and that it grad- 
ually diminishes towards the center to a practically 
undetectable slope. 

Our point may be illustrated by a photograph of 
the bark of a line left-twisted trunk of Castanea . 
In this tree also the divergence from the vertical 
in the wood of the slender sapling must have been 
negligible, and at that time the strands of fibers 
and wide rays in the phloem, the course of which 
determines the position of the original cracks in the 
widening sheet of bark, must have been practically 
vertical. As the axis increases in girth, the increas- 
ing divergence from the vertical shown by the wood 
must be shared by the inner deposits of phloem 
fibers running between the rays and thus this in- 
creased slope will show in the younger but deeper 
cracks in the bark. In many places on this trunk 
(fig. 4), outside the deep cracks which reveal the 
twist in the later layers of bark, can be seen slen- 
der, superficial strands of bark, the remains of 
those first laid down, the direction of which on the 
tree is practically vertical. These vertical strips 
have to bridge the sloping cracks farther in and 
ultimately, of course, must be torn off by the widen- 
ing of the cracks below. 

As a consequence of these observations we are 
faced with the necessity of a new attitude towards 
spiral grain. It still remains true that twisted grain 
is relatively rarely reported for hardwood trees, 
and in view of the slight tilt in the trace system of 
the original extension shoot necessary to produce 
this effect, the remarkable fact seems to be, not its 
fairly frequent occurrence in Castanea and its occa- 
sional appearance in Sambucus, Syringa, etc., but 
rather the prevalence of straight grain in the ma- 
jority of Dicotyledonous timbers. 

It is perhaps worth noting that most examples, 
both of torsion in the internodes and of spiral grain, 
seem to be reported from decussate plants where 
only two pairs of trace systems are usually present 
in one internode, and where the torsions must be 
due to unequal development of the two traces of 
one pair which lie relatively isolated in 'the inter- 
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node. Castanea saliva lias a variable phyllotaxis 
which is usually % in the main vertical shoots,, but 
y 2 in the horizontal shoots. In Sambucus, Syringa 
and Castanea the main axis is sympodiallv con- 
structed, and the occurrence of torsions in the first 
year extension shoots seems very generally asso- 
ciated with the rapid curvature of a lateral shoot 
as it assumes the vertical position. If in Castanea 
this curvature occurred in a shoot with y 2 phyllo- 
taxis, this might facilitate the production of tor- 
sion, and the % phyllotaxis on horizontal branches 
might also be associated with the marked persist- 
ence and even intensification of twist in some of 
the horizontal branches of this tree. 



Fig. 8. Diagram showing effect of a basal excentricity 
in producing oppositely sloping grain on the two flanks 
of the “buttress.” 

If the development of torsion and thus of twisted 
grain in the Dicotyledon is to be associated with 
elongated internodes and a trace system in which 
differentiation may not be well synchronized be- 
cause the traces in the same internode are relatively 
widely dispersed, then such torsion and twisted 
grain should not be expected in most Conifers where 
the phyllotaxis system has usually a number of 
orthostichies and the internodes are comparatively 
short. Furthermore in the softwood the original 
spiral is not indifferently right-handed or left- 
handed, as appears to be true for the hardwood, 
but is fairly constantly left-handed in direction, 
and while this left-handed twist is developed it is 
usually not evident on horizontal branches. 


A brief mention is necessary of a basal twist — 
very frequent in the bole of hardwoods — which is 
not continued upwards in the trunk as a continuous 
spiral. A case in ash ( Fraxinus excelsior L.) w r as 
examined, and it is evident that it may be traced 
to the localized expansion of girth of the trunk at 
the base where it is buttressed over the main sup- 
porting roots. Any localized excentricity in girth is 
liable to affect the course of the grain, as may be 
judged by the fact that the rays no longer take a 
straight radial course through the wood but diverge 
more widely where the greater growth is proceed- 
ing. An attempt is made in figure 8 to indicate the 
effect of a single basal excentricity in producing 
inclination in an otherwise straight-grained tree. 
At the base level, the divergent growth will convert 
the original straight grain at AB and CD on the 
more slender trunk into the respectively left-in- 
clined A'B' and right-inclined C'D' on the older 
trunk, while around the plane X'Y' the wood should 
remain straight-grained. 

Spiral grain in the softwood re-examined. — 
As we now turn to reconsider spiral grain in soft- 
woods, we are confronted with a condition which 
cannot be associated with an original torsion in the 
extension shoot, but is an effect developed during 
a later phase of cambial activity. All previous dis- 
cussions of spiral grain (although this may not be 
expressly stated by the writers) have been based 
upon the more frequently observed facts in the 
softwood and throughout all these discussions there 
is no recognition of the possible effect of the geom- 
etry of the system as a factor likely to flatten the 
spiral as girth increases. The reason for this is ob- 
vious; the inclination is not determined in the first 
year shoot in the softwood, so that the idea has 
never been present in the mind of the investigator 
that a turn of the spiral, being thus pre-determined, 
should always continue to be completed in the same 
length of axis, as girth increases. In the softwood, 
after the first year the slope varies gradually from 
year to year, but each varying slope may corre- 
spond to a spiral that completes a circuit of the 
axis in a different length. This is apparent if the 
angle with the horizontal at different radial depths 
in a twisted softwood is determined and the cotan- 
gents of the angles 5 are plotted against radial dis- 
taffce from the center. Such figures are given in 
table 2 and are plotted in figure 9 for various speci- 
mens of Pinus radiata, supplied to us by Dr. M. R. 
Jacobs from Australia. The cotangents show no 
sign of the strict proportionality with radial dis- 
tance shown by the hardwood; they may increase 
rapidly at first as the left-handed spiral flattens 
rapidly, then their increase becomes very slow until 
they fall off to nil (or negative values) as the grain 
again becomes straight or finally even becomes 
right-handed. 

The same point appears very clearly if the split- 
ting of a twisted softwood log is studied as the 
wood dies and shrinks. Figure 5 is photographed 

5 See footnote 4 on p. 270. 
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from a twisted European larch, supplied by the 
Forestry Commission, which has been drying in the 
laboratory for more than three years. Fifteen rings 
of growth are represented in this block. No crack 
opening to the surface has spread inwards farther 
than the eighth year and some cracks, though well 
open in the wood, do not reach the surface. Certain 
details in these cracks are most suggestive, but one 
point which immediately emerges is that they are 
present in rings which are markedly excentric. All 
cracks are very different in character from the 
clear, radial cracks in the hardwood with its uni- 
formly coiled spiral grain (fig. 2). 

Already in the hardwood we had cause to see that 
the slope of the grain might be affected in later 
years by excentric radial increments. In the soft- 
wood the influence of torsion in the first year shoot 
is excluded, but excentricity of radial growth in 
subsequent years may affect the direction of the 
grain. It is suggestive in the first place, that apart 
from an observation by Braun on Pinus sylvestris 


by Misra’s observations, is that this excentricity 
itself is distributed around the stem in a spiral. 
This observation had previously been made on ex- 
treme cases by Champion (1925, loc. cit. fig. 2 
and p. 6), 



Fig. 9. Graph showing the cotangent of the angle of 
divergence of the grain from the horizontal plotted against 
the distance from the center in Pinus radiata . 


Table 2. Pinus radiata. Angles of inclination of wood 
grain from the horizontal. 


Distance from 
center 


Angle (0) 

Cot 0 

1. Stem A 

1.4 cm. 

85° 

(left-handed) 

0.0875 

2.5 cm. 

84 

(left-handed) 

0.1051 

3.6 cm. 

83 

(left-handed) 

0.1228 

4.8 cm. 

84 

(left-handed) 

0.1051 

6.0 cm. 

88 

(left-handed) 

0.0349 

8.6 cm. 

87 

(right-handed) 

0.0524 

X Stem B 

0.8 cm. 

87° 

(left-handed) 

0.0524 

2.0 cm. 

83 

(left-handed) 

0.1228 

3.2 cm. 

84 

(left-handed 

0.1051 

4.4 cm. 

87 

(left-handed) 

0.0524 

5.6 cm. 

88 

(right-handed) 

0.0349 

3. Stem C 

0.T cm. 

86° 

(left-handed) 

0.0699 

1.3 cm. 

76 

(left-handed) 

0.2493 

1.9 cm. 

82 

(left-handed) 

0.1405 

2.5 cm. 

84 

(left-handed) 

0.1051 

3.1 cm. 

88 

(left-handed) 

0.0349 

3.9 cm. 

85 

(left-handed) 

0.0875 

4.5 cm. 

83 

(left-handed) 

0.1228 

5.3 cm. 

84 

(left-handed) 

0.1051 


(1851, loc. cit. p. 149), it is generally agreed that 
the first year softwood shoot shows no recognizable 
twist. Champion and Misra both studied this matter 
closely and while Misra sometimes noted very slight 
excentricity, he never observed twisted grain in the 
first year shoot; in later years excentricity, often 
associated with spiral grain, frequently becomes 
prominent. 

Excentricity, however, would not produce spiral 
grain if it ran as a continuous vertical inequality 
of increment, and the reason that excentricity pro- 
duces spiral grain, as established for the first time 


The degree of excentricity and the position of 
maximum excentricity in the softwood trunk vary 
in successive annual increments, and it is not sur- 
prising that the actual “spiral” followed by the 
wood elements varies from year to year. In fact 
the wood elements do not follow a spiral course in 
the same definite way that they do in the examples 
of spiral grain previously described in hardwoods. 
In the softwood, radial files of elements, which lie 
beneath one another and with their ends interlocked, 
have received a slight tilt due to the effect of ex- 
centric radial growth upon the cambium initials 
from which they are formed. In view of the con- 
trast which obviously exists between so-called 
“spiral grain’ * in softwoods and hardwoods, one 
feels that it might help towards a better under- 
standing of the phenomena if “tilted grain” were 
used as the term in softwoods to distinguish it from 
“spiral grain” in hardwoods. 


As a result of an opportunity to study certain 
cases of spiral grain in hardwood trees ( Sambucus 
nigra, Syringa vulgaris , Castanea saliva ), funda- 
mental differences are found between the structural 
features in hardwoods and softwoods. In hard- 
woods, spiral grain is the result of a twist given to 
the trace system and cambium cylinder in the pri- 
mary axis; the spiral inclination thus given to all 
secondary vascular elements persists throughout 
radial growth and is therefore accentuated each year 
by the geometrical results of expanding the spiral 
with the increasing girth of the woody axis, though 
the files of wood elements still complete the circuit 
of the axis in the same longitudinal distance. 

By contrast, in the softwood the so-called spiral 
course of the wood elements is really fictitious. In 
the first year wood the grain is always straight, the 
inclined course of the wood elements arises during 
the second or later years ; it is due to a tilt given to 
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the cambium initials, which results in the originally 
vertical elements in the radial files becoming tilted 
but not otherwise altering their position. There is 
no sense in which any file of elements, traced longi- 
tudinally, completes a circuit of the axis; and the 
gradual change in tilt of the elements, which occurs 
in later years, has no direct connection with the 
increasing girtli of the axis. On the other hand a 
close correlation exists between the occurrence of 
the so-called spiral grain in the softwood and the 
occurrence of excentricity in the radial increment. 
The position of maximum thickness in any excentric 
cylinder of wood added to an upright softwood axis 
has recently been shown to follow a spiral course 
along the length of the axis and it is shown that this 
phenomenon adequately accounts for the develop- 
ment of a tilt in the fusiform initials of the cam- 


bium. If the position of maximum thickness follows 
a left-handed spiral course in the axis, the tilt im- 
parted to the wood elements gives the appearance 
of left-handed spiral grain ; if the position of maxi- 
mum thickness follows a right-handed course the 
tilt to the wood elements suggests a right-handed 
spiral grain. 

In order to assist in a fuller realization of the., 
fundamental differences, it is suggested that it 
would be helpful to restrict the term “spiral grain” 
to the phenomenon in hardwoods and describe the 
grain now r called spiral in the softwoods as “tilted 
grain.” 

Department of Botany, 

Leeds University, 

Leeds, England 
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ROCKY MOUNTAIN HERBARIUM STUDIES. VI 1 


Aven Nelson 


This series of papers extends over a consider- 
able period of time — so many years that a brief 
explanation may be fitting. The first paper (I) 
appeared in 1931; the second (II) in 1934; the 
third (III) in 1935; the fourth (IV) in 1936; the 
fifth- (V) in 1938 ; and the sixth (VI) is now offered. 
The long intervals between may be accounted for 
by the fact that the field trips supplying the mate- 
rial for study could not be controlled either as to 
time or place. Other interests often had to have 
priority. For this one it happened that studies were 
begun but often had to be laid aside until further 
material became available. 

The present paper (VI) contains miscellaneous 
species acquired on several trips into the Southwest 
(New Mexico, Utah, Nevada and Arizona). The 
main part of the paper, however, represents col- 
lections made in Mt. McKinley National Park, 
Alaska. In 1939, Mrs. Nelson and I spent the sum- 
1 Received for publication December 8, 1.944. 


mer in the Park, commissioned as “Collaborators” 
with the National Park Service. Because of the as- 
sistance given to us by the officers of the Park, we 
were able to make extensive collections, upon which 
we were to make a report. Mrs. Nelson (Ruth 
Ashton Nelson) has prepared that report. It is filed 
with the Director of the National Park Service, 
Washington, for possible further attention after 
the war. In the meantime, sets of the specimens 
secured have been distributed as follows: 

Set No. 1. The U. S. National Herbarium. 

Set No. 9. The National Park Service. 

Set No. 3. The Rocky Mountain Herbarium. 

Set No. 4. The University of Alaska, Fairbanks. 

The few remaining smaller sets have been placed 
in certain other important herbaria. 

All types are in Ry. Mt. Herb. 

Betula beeniana sp. nov. 

Arbor, 7-8 m. alta; ramis ramulisque intense 
brunneis conspicue ceriferoglandulosis haud pubes- 
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1 centibus ; f oliis glabris vel margine obscure glandu- 

liferis, suborbiculatis basi late cuneatis apice late 
obtusis usque 2.5 cm. longis, crenatodentatis, utrin- 
que prominenter nervosis ; strobilis ad 2.5 cm. 
longis 4-6 mm. crassis ; squamis valde 3-dentatis 
mediocriter pubescentibus ; nuculis ovalibus fere, 
1.5 mm. latis, ala paullo angustiore cinctis. 

I A small slender tree, to 7 or 8 m. high ; twigs and 

branchlets dark brown, densely glandular but not 
pubescent, coated with fragile glaucescent waxy 
film, soon riven and finally falling away as thin 
flakes ; bark on trunk and older branches ragged on 
the surface with large thin grayish papery flakes 
exposing the smooth yellowish-brown bark proper, 
decorated with large conspicuous lenticels, bark 
not readily separable further into thin layers; 
leaves firm, glabrous, orbicular in general outline, 
always broadly obtuse but often pointed by the 
terminal tooth, broadly cuneate at base, length to 
25 nun., the smaller ones sometimes broader than 

( long, margin crenate-dentate, the low obtuse teeth 
with pale margin that may bear a few inconspicu- 
ous gland-tipped hairs ; venation conspicuous, raised 
above the surface on both faces, two main pairs 
and the mid-rib, breaking up into veinlets toward 
the tip; fruiting aments to 25 mm. long, 4-6 mm. 
thick; bractlets 2-3 mm. long, pubescent but not 
conspicuously so, incisely 3-toothed, terminal one 
narrower and longer than the ovate lateral ones, 
nutlets nearly oval, 1.5 mm. broad, a little broader 
than the wings. 

This proposed species was observed in only one 
area in McKinley National Park, Alaska. The 
specimens were taken from a grove of scattering 
trees on a ridge hillside, in the open spruce woods 
adjoining the Park Headquarters, at the junction 
of Rock Creek and one branch of Tanana River. 
No. 4041, August 7, 1939. 

Betula fontinalis Sargt. has been listed from 
Alaska but probably not from McKinley Park. 
Furthermore this could scarcely have been mistaken 
for that species. B. beeniana resembles B. glandu- 
losa in leaf and twig characters but not in size nor 
in fruit characters. Since some hybrids have been 
assumed with B. glandulosa as one of the parents, 
it is possible that B. ermani X glandulosa , listed by 
Edith Scamman, in her “Plants from Interior 
Alaska” (Rhodora 42: 321, 1940) may be the spe- 
cies here described. Just why the Siberian species, 
B. ermani , is chosen as the other parent is not evi- 
dent. Without experimental work, identifying the 
parents in a cross is an assumption backed up only 
by varying amounts of circumstantial evidence. 
This plant needs a name in order to call attention 
to it as an element in the Alaska flora. 

This fine birch is named in honor of Mr. Frank 
T. Been, 2 the Superintendent of Mt. McKinley 
National Park. As “Collaborators” with the Na- 
tional Park Service in the study of the flora of the 
Park, Mrs. Nelson and I are deeply indebted to 
Mr. Been for the courtesies and substantial help 
2 Description and notes prepared in 1940. 


that made it possible to carry on the work we had 
undertaken. Not only the Superintendent and Mrs. 
Been but all the members of his staff were deeply 
interested in our studies and gave us encourage- 
ment and friendly help. 

Calyptridium depressum sp. nov. 

Planta prostrata 5—10 cm. lata; caulibiis dense 
foliatis, f oliis numerosissimis ohlongo-spatulatis ; 
cymis 3-7-floris ; sepalis 3-4 mm. longis, ovatis 
subacutis herbaceis haud albo-marginatis ; petalis 
2(?); staminibus 2 (1-3); seminibus nitidis. 

Depressed prostrate annual, forming dense ro- 
settes from 5-10 cm. broad; stems shorter than, or 
equalling the numerous oblanceolate-spatulate 
crowded petioled green leaves; cymes numerous, 
crowded among the leaves, few-flowered (3—7) and 
therefore scarcely scorpioid; sepals 3-4 mm. long, 
subacute, ovate, green, the thin narrow margin pale 
green (not white); petals always (?) 2, closely 
enfolding the capsule; stamens 1-3 (usually 2); 
stigmas nearly or quite sessile; capsule usually a 
little longer than the sepals ; seeds 1-20, black and 
shining. 

This new member of this small southwestern 
genus is related to both C. roseum Wats, and C. 
monandrum Nutt. In both of these the stems are 
definite and evident. C. roseum is further set apart 
by its conspicuous white-margined sepals and C. 
monandrum by its long slender capsule. The other 
three or four known species fall into another sec- 
tion and need not be considered here, but each one 
of them, in one or more characters, stands quite 
apart from C. depressum which can be recognized 
at once by its completely prostrate habit. It looks 
like a small green flat mat. 

Observed but once, on dry sandy bars, near a 
little stream at Massacre Camp, in the Pena Blanca 
Mts., between Ruby, Arizona, and the Tucson- 
Nogales Highway. Type collection, 1203, Ruth 
and Aven Nelson, March 15, 1935. 

Aren aria ovalifolia (Hook) comb. nov. 
Stellaria ovalifolia Hook. FI. Bor. Am. 1 : 97, 
1807. 

This species apparently has not been transferred 
into Arenaria . In the North American Flora, Torr, 
and Gray, 1 : 674 and in Syn. FI. 1 : 239 (Dr. Rob- 
inson) it is cited as a synonym of Merckia phy- 
sodes . Since Hooker in his Flora recognized both 
species it is clear that he considered them distinct. 
In this he certainly was fully justified as shown by 
specimens when placed side by side. Quoting from 
descriptions, which are diagnostic, we have the fol- 
lowing contrasts : 

Stems weak, 12-15 cm. long; leaves pale-green, broadly 
oval, thin, acute at both ends, much shorter than the 
internodes; peduncle about 25 mm. long with a single 
large solitary flower; fruits at maturity 10-12 mm, 

broad, the carpels inflated A . , physodes. 

Stems erect (not weak); leaves broadly oblong, subses- 
sile, green, often purplish (the calyx normally pur- 
plish), often as long as the internodes; flowers solitary 
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or with additional one or two from the upper axils; 

fruits much smaller, the carpels not inflated 

A. ovaUfolia 

The original specimens of A. physodes were col- 
lected by Lay and Collie, Capt. Beechey’s Voyage, 
Kotzebue Sound. More recently collected by Mrs. 
John W. Chapman, from near the Mission, at An- 
vik, on the lower Yukon, 1924, her No. 15. 

A. physodes was secured, in good condition, by 
Aren and Ruth Nelson, No. 4207, at Cantwell, 
near the border of Mt. McKinley National Park, 
Alaska, on the Alaska Railroad grade, August 18, 
1939. Secured by A. E. Porsild also, in 1937 at 
several places in the interior. (See Rhodora 41 : 
229, 1939.) Porsild mentions also “Behring Sea 
shores, often in brackish meadows,” though these 
latter plants may well have been A. ovaUfolia . 

Aconitum nivatum sp. nov. 

Herba humilis, caulibus 1-2 dm. altis erectis 
siinplicibus vel ramosis e radice tuberiformi; foliis 
glabris plerumque ad caulis basim restrictis, infe- 
rioribus longe petiolatis 3-5-partitis, segmentis 
inciso-pinnatis, lobulis linearioblongis, superiori- 
bus gradatiin reductis; floribus solitariis atrocaeru- 
leis, galea circa 2 cm. longa, rostro brevi; filamentis 
valde alatis ; folliculis 3 erectis. 

Dwarf, 1-2 dm. high, from a small irregular 
tuber; tuber oval, oblong, or obconical, less than 1 
cm. thick, sometimes tapering into a short, fleshy 
taproot; roots numerous, dark, long, slender, 
spreading; stems slender single and simple or 
stouter and branched; lower internodes short, grad- 
ually longer upwards ; leaves glabrous, alternate, 
mostly from the 2 or 3 lower inter nodes, long- 
petioled, the blades parted into 3-5 primary divi- 
sions which are pinnately cleft into linear-oblong 
lobes ; the uppermost reduced and passing into 
linear bracts ; flowers large, solitary, terminal on 
the main axis and with 1 or more racemosely dis- 
posed on axillary peduncles; flowers dark-blue; 
galea short-beaked, about 2 cm. long, lateral sepals 
orbicular, almost as long as the galea, about half 
as wide, stamens numerous, filaments notably wing- 
margined ; carpels mostly 3, erect with short hooked 
beak. 

A near relative of A. delphinifolium but not, in 
my judgment, “a depauperate form” of it. It seems 
distinct by reason of its small size, roughened tuber 
concealed in the mass of its dark slender tangled 
roots, its leaves, which appear to be almost basal, 
the usually solitary, disproportionally large flower 
on the nearly naked wand-like stem and by its habi- 
tat. A. delphinifolium doubtless produces “depau- 
perate” forms but the plant here described normal- 
ly is as uniform in its habitat as is the other in its 
habitat. A. nivatum is subalpine on sunny open 
slopes and especially in gravelly slide rock and 
shale. 

No. 4112, Aven and Ruth Nelson, gravel-rock 
slides, near Camp Eilson, mile 66, Mt. McKinley 
National Park, August 12, 1939, is taken as the 


type, though number 3645, by F. A. Warren, July 
3, at mile 64, is equally representative. The differ- 
ence in dates in these collections simply shows 
approximately the dates when the snow-drifts dis- 
appeared in different exposures. 4077 was secured 
on Sable Pass, at 1000 ft., August 8, No. 3783, 
July 14, on Polychrome Pass. 

Delphinium alatum sp. nov. 

Caulibus ad 1 m. altis siinplicibus vel paullo 
ramosis supra vel ad apicem minute puberulis, 
racemis pedunculatis obscure glandulosis; foliis 
praesertim ad medium caulis restrictis 4-5-parti- 
tis, segmentis plus minusve divisis ; floribus intense 
caeruleis; folliculis approximate erectis obscure 
pubescentibus baud glandulosis; seminibus alatis. 

With the general aspect of the D. scopulorum, 
group, but most closely resembling D. subalpinum 
(Gray) A. Nels., 1 m. or less high, sometimes 
sparingly branched above, glabrous below but finely 
puberulent upward and obscurely glandular in the 
pedunculate spike-like crowded raceme ; leaves 
mostly in the mid-stem region, of 4 or 5 divisions 
which are variously cleft or divided; flowers dark 
blue on short pedicels, the spike of erect fruits 
crowded, the carpels obscurely pubescent but not 
glandular; seeds with membranous wings half as 
wide as the body. 

Curiously enough, nothing is said in the generic 
descriptions, nor in the figures generally available, 
of winged seeds in this genus. Winged seeds do 
occur — probably in all of the members of the 
D. scopulorum group. In D. alatum, they are not 
easily overlooked. In the field, D. alatum suggests 
D. subalpinum (Gray) A. Nels/ 5 but it lacks the 
dense ye!low r glandular pubescence of that species 
and the lobes of the more divided leaves are nar- 
rower. D. subalpinum is abundant in, and is charac- 
teristic of the Central Rocky Mountains, but its 
limits northward are not yet definitely determined. 

Collection of D. alatum: Aven and Ruth Nelson, 
No. 4093 {Type), August 10, 1939, on the Toklat 
River, near the Alaska Road Commission cabin, 
Mt. McKinley National Park, wet grass lands with 
scattering shrubs. 

Delphinium hcokeri nom. nov. 

D. exaltatum Hook. FI. Bor. Am. 1:25, 1829. 
Not D . exaltatum Ait. Hort. Kew 2:24^4, 1780; 
nor either of the following, to which it is sometimes 
referred: D. scopulorum Gray, PL Wright, 2:9, 
1853; D. calif ornicum T. and G. FI. N. Am. 1: 31, 
1838; nor D, barbeyi Huth, Bull. Herb. Boiss 
1:335, 1893. 

In general aspect, D. hooheri resembles D. bar- 
beyi but lacks the glandular pubescence of that spe- 
cies. Three collections of D. hooheri were secured 
in Mt. McKinley National Park as follows: No. 
3619, near the Park headquarters, steep banks, 
south end of the railroad bridge, July 1; No. 3738, 
Igloo Creek Camp, July 10; No. 3984, near Camp 
Eilson, at “Mile 66,” July 25, 1939. 

Delphinium nutans sp. nov. 

3 D. barbeyi Huth (?) . 
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Herba perennis ; caulibus 8-4 dm. altis erectis 
vel assurgentibus leviter pilosis, e radice subligno- 
sa, petiolis foliisque ad nervos et margine paullo 
pubescentibus; foliis 3-5-partitis, segmentis plus 
minusve dentatis 2-3-divisis ; pedicellis divaricato- 
ascendentibus ; floribus nutantibus, inferioribus 
foliaceobracteatis remotis; sepalis pedicellis rachi- 
busque paullo pubescentibus, floribus folliculisque 
etiam obscure glandulosis. 

Roots semi-ligneous, fascicled and more or less 
friable; stems clustered, 8-4 dm. high, erect or 
assurgent, lightly pubescent with soft white hairs; 
leaves green but lightly pubescent on petioles, the 
margins and the veins; blade broader than long, 
parted into 8-5 divisions, each of which are 2-3 
cleft and these lobes irregularly and deeply few 
toothed; raceme few-flowered, open, except at sum- 
mit; the lower pedicels 2-3 times as long as the 
flowers, flexed-ascending, strongly curved outward 
at summit with the flower nodding and the spur 
more or less upturned ; the short few-flowered 
racemes at first crowded, becoming open as the 
linearbracteate pedicels lengthen, usually also a 
few (2-4) flowers axillary in the uppermost leaves; 
sepals, pedicels and rachis lightly pubescent; pu- 
bescence on the hypanthium and the short thick 
follicles denser and obscurely glandular. 

A veil and Ruth Nelson, in a steep hillside 
meadow, in the Kantishna mining district, just out- 
side McKinley Park, July 21, 1939. Type No. 
3910, Rocky Mountain Herbarium. 

Delphinium ruthae sp. nov. 

Herba liumilis; caulibus 10-16 cm; altis e radice 
valida, plus minusve molliter pubescentibus impri- 
mis ad apicem ; foliis omnibus petiolatis plus 
minusve partitis vel divisis, segmentis linearibus 
vel anguste oblongis, obtusis vel subacutis 1-3 cm. 
longis supra glabratis ; racemis albo-pilosis densis, 
floribus atrocaeruleis, petalis plus minusve albo- 
striatis. 

Low and of bushy aspect, 10-16 cm. high; root- 
stocks stout, dark with dead exfoliating leaf-bases, 
position determined by the shale rocks from among 
which they emerge with one or two crowns, each 
giving rise to only 1 stem; pubescence white and 
soft, nearly wanting on upper surface of leaves, 
more noticeable in the inflorescence, dense and sub- 
glandular on the carpels; leaves all petioled, the 
lower with sheathing base, all variously parted and 
cleft into narrow divisions varying from linear to 
narrowly oblong, these obtuse or subacute and 1-3 
cm. long; inflorescence short, crowded; flowers 
large, on pedicels equalling them or shorter, beau- 
tifully deep-blue, the petals lighter-colored and 
often streaked with white. 

This fine alpine species was observed and col- 
lected in two localities only, both times well above 
timber-line, between 1100-1300 m., in steep slide- 
rock, on wind-swept slopes. Its root-stocks fol- 
lowed the crevices between the shales. Ruth Ashton 
Nelson, No. 4052 {Type), above Sable Pass, near 
mile-post 44, McKinley Park, August 8, 1939. 


Aven and Ruth Nelson, No. 4108, high slope, near 
Camp Eilson, Mile 66, McKinley Park, August 14, 
1939, In her eagerness for the specimens, Mrs. 
Nelson, amidst snow flurries and in winds of gale- 
like proportions, ventured upon the slippery rocks 
when every step threatened to start a “slide” into 
the valley. 

Thlaspi australe sp. nov. 

Herba annua glabra; caulibus erectis gracilibus 
1-2 dm. altis ; foliis subchartaceis inferioribus ellip- 
tico-obovatis 8-15 mm. longis, superioribus ob- 
longo-lanceolatis 10-15 mm. longis; pedunculis 2—4 
cm. longis; floribus densis albis; sepalis oblongis 
obtusis late scarioso-marginatis circa 3 mm. longis; 
petalis late spatulatis 6-8 mm. longis ; pedicellis 
fructiferis usque 24 mm. longis; siliculis 6—8 mm. 
longis anguste cuneatis, apice rotundatis vel trunca- 
tis plerumque 1-2— dentatis. 

Annual, glabrous, slender, erect, 1-2 dm. high; 
leaves open-rosulate at base and alternate on the 
stem, entire or nearly so, thin, oval to obovate, be- 
coming narrower upward, the uppermost oblong- 
lanceolate, the blades of the rosulate ones 8—15 mm. 
long, on slender petioles longer than the blade, the 
stem leaves narrower, sessile, 10-15 mm. long, 
auriculate-clasping; peduncle 2-4 cm. long; flow- 
ers white, crowded; sepals oblong, obtuse, pale- 
green with broad scarious margins, about 3 mm. 
long; petals broadly spatulate, 6-8 mm. long; sta- 
mens about half as long, the outer pair as long as 
the inner; style about 1.5 mm., as long as the ovary, 
in fruit a little longer; silicle 6-8 mm. long, the 
pedicels 1—3 times as long, thin and flat, definitely 
narrowly-cuneate, rounded or truncate at apex and 
often with 1 or 2 small teeth ; seeds two in each cell. 

In Dr. Paysoifis study of the genus in North 
America (.Univ. of Wyoming Publication Bot. 1°: 
145. 1926) he recognizes six species, besides two 
varieties of T. glaucum. T. australe must be com- 
pared with the typical form of P. glaucum but it 
differs from that species as follows: it is, to all 
appearances definitely an annual; its leaves are 
thin and glaucous, the raceme is pedunculate as in 
var. hesperium, its stem leaves are narrow and ex- 
ceed the internodes, its pedicels become deflexed, 
its silicle is at least twice as long as wide. 

On the west slope of Baboquivari Peak, Arizona, 
April 16, 1935 (our No. 1545), by Prof. Leslie N. 
Goodding, for many years on the research staff of 
the U. S. Department of Agriculture and always a 
discriminating collector and student of the Western 
Flora (Type: Ry. Mt. Herb.). 

Thlaspi prolixum sp. nov. 

Herba perennis; caulibus patentibus 12-25 cm. 
longis; foliis radicalibus integris vel obscure undu- 
latis 10-15 mm. longis, superioribus quam inter- 
nodis brevioribus ovato-oblongis ; racemis fructi- 
feris densis 4-8 cm. longis; siliculis obovato-cune- 
atis truncatis vel emarginatis ; stylo 2-3 mm. longo. 

Perennial; stems few to many (18 in the type) 
from the expanded crown, moderately stout and 
wide-spreading, from 12-25 cm. long (including 
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the fruiting raceme) ; crown leaves crowded, their 
blades entire or obscurely undulate, 10—15 mm. 
long, on slender petioles as long or longer; stem 
leaves smaller, ovate to oblong, sessile or clasping, 
shorter than the internodes but continuing to the 
base of the raceme; raceme crowded even at ma- 
turity, from 4-8 cm. long, some racemes with as 
many as 50 fully developed fruits; fruits 7-8 mm. 
long, obovate-cuneate, truncate or emarginate, con- 
vex on dorsal side and shallowly concave on the 
other, both sutures conspicuous (almost carinate), 
the valves thin-edged, style persistent, 2-3 mm. 
long; seeds 4 in each cell, ovate and plump, pen- 
dent, the septum 2-2.5 mm. broad. 

The above description has been drawn wholly 
from the type, No. 1822, Aven and Ruth Nelson. 
It was secured in the San Carlos Indian Reserva- 
tion, about 20 miles west of Rice, Arizona, near the 
road to the mesa and canyon country, May 9, 1935. 
No flowers were found, but the fruits although 
quite mature, had not disintegrated in the least. 

Other specimens, all mature, are as follows: 
M. E. Jones, 5374, Marysvale, Utah, June 2, 1894, 
distributed unnamed but referred by Pavson 
(studies cited above) to T. fendleri; Nelson, 10211, 
Rowe’s Well, Grand Canyon, Arizona, April 25, 
1925, also doubtfully referred to T. fendleri. This 
would indicate that T. prolixum finds its nearest 
ally in that species. 

Thlaspi stipitatum sp. nov. 

T. Fendleri simillimum, 1-2 dm. altum ubique 
dense foliatum, foliis radicalibus late ellipticis un- 
dulato-dentatis, siliculis stipitatis. 

Perennial, 1-2 dm. high, the slender root woody; 
the crown simple or with one or more very short 
woody branches; the stems few to several, simple, 
erect, straight or curved ; leaves numerous, crowded 
on the crowns, nearly or quite overlapping on the 
stems, the rosulate ones oval to oblong, shallowly 
undulate-dentate, some of them purple or purplish, 
10-15 mm. or more long, on slender petioles usu- 
ally 2-3 times as long; the lower cauline sometimes 
short-petioled, but usually sessile and becoming 
auriculate-clasping, ovate or narrower, 10-15 mm. 
long, some of them greatly reduced; inflorescence 
at first crowded and appearing capitate, the axis 
pedunculate ; flowers purple, shading through 
lengthening in fruit and then seemingly short- 
lighter to almost white; sepals dark green or pur- 
ple, oval, obtuse, narrowly white-margined, 2—3 
mm. long; petals with oval obtuse blade about 3.5 
mm. long, tapering gradually into the stipe-like 
base of equal length; fruits (not mature) cuneate- 
oblong, truncate or emarginate at apex, only about 
4 mm. long with a style of equal length, tapering 
abruptly into a stipitate-base 1-2 mm. long; pedi- 
cels varying from divergent to reflexed, 1-3 times 
as long as the fruit. 

This cannot be referred to T. fendleri , its near- 
est relative, because of its much larger size, its 
great leafiness throughout, its large oval dentate 
basal leaves and the stipitate silicles. 


No. 1196 by Aven and Ruth Nelson is the type 
collection. Secured in the Pena Blanca Mountains, 
south of Tucson, not far from Ruby, Arizona, 
March 15, 1935. 

Lupines. — The lupines must be placed among 
the plants that have given to Alaska its reputation 
as a land of singular floral beauty. The species are 
few but their abundance and wide distribution en- 
liven many of its landscapes. This study of the 
lupines of Alaska, particularly of Mt. McKinley 
National Park, cannot be concluded until I return 
to my home herbarium and library in June. How- 
ever, one new species may be published now. 

Lupinus toklatensis sp. nov. 

Planta fere glabra vel sparse pilosa; caulibus 
erectis 3-4 dm. altis; foliis radicalibus numerosis, 
petiolis 8-12 cm. longis, stipulis lanceolatis acutis; 
foliolis plerumque 8 oblongis vel oblanceolatis 
utrinque angustatis ad 3-4 cm. longis; pedicellis 
3-5 mm. longis plerumque verticillatis ; floribus 
caeruleis glabris, circa 12-14 mm. longis; legumini- 
bus dense albo-villosis. 

Plant sparely soft-pubescent or nearly glabrous ; 
root stout, woody, with several crowns; stems sev- 
eral or numerous, erect, 3-4 dm. high (including 
the raceme) ; basal leaves numerous, on slender 
petioles 8-12 cm. long; cauline similar on gradually 
shorter petioles ; stipules lanceolate, acute ; leaflets 
mostly eight, oblong to oblanceolate, tapering to 
the acute apex and to the slender base, up to 3-4 
cm. long; inflorescence large and heavy in propor- 
tion to the stem, up to 10 cm. long, surpassing the 
leaves; flowers large, crowded, on short (3-5 mm.) 
pubescent pedicels, mostly verticillate ; flowers blue, 
wholly glabrous; banner orbicular, 12-14 mm. long, 
blue with a conspicuous white stripe down the mid- 
dle including the v-shaped fold (the white stripe 
turns brown in drying) ; wings obovate, about as 
long as the banner; keel narrow, a little shorter, 
all the parts nearly clawless; pod densely white- 
villous; ovules few, only 3-4 maturing. 

Secured in the Toklat area only, Mt. McKinley 
National Park, Alaska. Near the Park highway, 
mile post 56, at the Toklat cabin, fls. June 25, 1939, 
no. 3568; fr. August 27, no. 3568a. Type in U. S. 
Natl. Herb.; iso-type Ry. Mt. Herb., Univ. of 
Wyoming. 

Amsonia biformis sp. nov. 

Herbacea perennis ubique glabris vel molliter 
puberulis ; foliis linearilancolatis ; lobis calvcis 
piloso-ciliatis 5-7 mm. longis ; corollae lobis albis 
vel plus minusve purpureis tubo 7-9 mm. longo; 
stigmate obscure lobato. 

Perennial with few to several stems from the 
woody crown, 3—5 dm. high, the plants occurring 
in two forms under identical conditions : some indi- 
viduals green and wholly glabrous throughout ; 
others grayish-green throughout with a soft uni- 
form puberulence; leaves numerous, lance-linear, 
short-petiolate ; inflorescence borne well above the 
leaves, crowded-subcapitate, flowers many (20-30 
or more) ; calyx lobes narrowly linear, softly cili- 
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ate on the margins, 5-7 mm. long; corolla 2 cm. or 
more long, very variable in color, its lobes purplish- 
blue to white, usually with a yellowish tinge at 
base, its slender tube bluish-brown or dark purplish- 
green, the tube proper 7-9 mm. long and above a 
constriction the expanded throat almost equally as 
long; pubescence dense and soft just below the 
constriction, sparse downward, anthers and stigma 
almost free, corolla lobes oblong-ovate, 6-7 mm. 
long; stigma small and subcapitate but the three 
areas evident, the lobes very short with scarcely 
more than a groove between them. 

The two forms to which the name refers are in- 
separable except for the uniform pubescence of one 
of them. This was so evident that one could sit in 
the patch and, without rising, spot them readily 
and gather both forms from among the broken black 
lava blocks that covered the base of the low moun- 
tain. 

It is probably to be included in the same section 
as A. macrantha and A. pogonosepala but the char- 
acters, as given seem to preclude its reference to 
I either of them. 

Different numbers were given to the two forms 
but the material is made into specimens carrying 
both forms, so that the number may be written 
11278-79. Secured several miles west of Duncan, 
Arizona, in the foothills north of the Duncan- 
Safford highway, by Aven Nelson, March 22, 1930. 

I Erigeron denalii sp. nov. 

Herbaceus, rliizomatosus ; caulibus foliosis ad 
basim, scapiformibus monocephalis plus minusve 
bracteatis erectis 7-14 cm. altis; folis integerrimis 
'anguste oblanceolatis 1.5-3 cm. longis in petiolum 
brevem attenuatis; involucris 9-12 mm. latis hirsu- 
tis vel ad basin sublanatis ; squamis lineari-acumina- 
tis 6-8 mm. longis, purpureo-viridibus ; corollis 
floruni radii ligulatis circa 40, ligulis subpurpureis 
6-8 mm. longis, disci tubulosis, tubulo circa 3 mm. 
longo limbum subaequante, limbo ad apicem roseo- 
I vel purpureo-colorato ; pappi setis subrigidulis circa 

3 mm. longis; achaeniis denium clavatis firmis gla- 
bris circa 3 mm. longis. 

Rootstocks slender, simple or few branched; 
stems short, leafy at base, 1-3 cm. long, the 
scapose-like, bracted monocephalous erect pedun- 
cle 7-14 cm. high; leaves entire, mostly nar- 
rowly oblanceolate, 1.5-3 cm. long, tapering to a 
narrow petiolar base, those of the peduncle few 
(or wanting) and bract-like; involucre 9-12 mm. 
broad, hirsute, often sublanate at base; phyllaries 
numerous, linearacuminate, 6-8 mm. long, purplish- 
■ green; rays about 40, 6-8 mm. long, lavender; disk 

■\ flowers slender, tube and throat subequal, teetli and 

throat rose or purple ; pappus coarse and abundant, 
in a single series, rose-colored; achene when fully 
mature clavate, firm, smooth and essentially gla- 
brous; achene, pappus and tube of corolla each 
| about 3 mm. long. 

Dr. E. L. Greene (Pitt. 4: 155. 1900) described 
Erigeron purpuratus, from the Yukon. This he 
compares to E. composite as to its caespitose habit 


and the early rosulate leaves with dilated, 3-toothed 
or 3-lobed tips. In the absence of any reference to 
color of disk flowers, one may assume they are yel- 
low as in the genus Erigeron in general. We se- 
cured plants meeting this description perfectly, 
our number 4014, from near McKinley Park, R. R. 
Station, gravelly soil on banks near the Nenana 
River. While the plant here described is definitely 
related to Dr. Greene’s plant, its aspect is so dif- 
ferent and the rose-purple-lavender color so pro- 
nounced throughout, arid the achenes so strongly 
characteristic, it seems best to consider it as an- 
other, more divergent, member of the E. compo si- 
tus alliance.’ Greene’s species, in common with the 
other E. compositus relatives, is caespitose on a 
tap-root while E. denalii arises from running root- 
stocks. 

The collections are Aven and Ruth A. Nelson, 
No. 4058 (Type), Sable Pass, where the Park road 
reaches its highest point (about 4000 ft.) ; August 
8, 1939. No. 4016, upper Savage River, August 3, 
1939. A single plant, wholly typical, was brought 
to us by Mr. Harold Herning out of McGonigle 
Pass, August 4, 1939. 

Senecio denalii sp. nov. 

Herbaceus perennis (?), ubique praesertim ad 
apicem sparse lanatus; caule erecto 1—1.5 dm. alto 
foliato plerumque monocephalo ; foliis intense viri- 
dibus integris radicalibus anguste oblongis subobtu- 
sis basi sens im angustatis fere sessilibus eis caulinis 
gradatim reduetis, supremis braeteif ormibus ; in- 
volucris 14-18 mm. latis, braeteis lineari-oblongis 
circa 8 mm. longis; ligulis 14-16 mm, longis paten- 
tibus vel plus minusve refraciis; floribus disci nu~ 
merosis. 

From a short dark vertical rootstock with many 
slender pale roots ; sparingly but permanently 
lanate, especially above; stem simple, slender and 
erect, 1—1.5 dm. high, monocephalous or rarely a 
smaller accessory head from the uppermost long- 
linear foliar bract; leaves few, subglabrous, all 
entire, dark-green; the crown-leaves narrowly ob- 
long, subobtuse, 2-4 cm. long or more, subsessile 
by a narrowed base; stem leaves similar but more 
evidently lanate, becoming lanceolate and passing 
into smaller linear bracts, giving a seapose effect 
to the stem; heads large, involucre 14-18 mm. 
broad, the linear phyllaries about 8 mm. long, 
equalling the disk-flowers; rays long (14-16 mm.), 
spreading and often irregularly refracted, broadly 
linear, tapering toward the base, orange to burnt- 
orange, the three or more nerves conspicuously 
darker in dried specimens, converging to a darker 
usually toothed tip; tube of disk flower very slen- 
der, about 3 times as long as the throat; achene 
short (about 2 mm,), pubescent. 

The species here proposed is evidently nearest 
to Senecio tundricola Tolm. Comptes Rendus Acad. 
Sc. U. R. S. S. 266. 1928. A specimen of that is not 
at hand nor is a description available in American 
literature. Dr. Eric Hulten, FL Kamteb. 206. 1927, 
gives the name and citations and gives its range as 
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“? Asiatic, transgressing into W. America.” Under 
area he writes “Arctic America?” He further says 
“it may be said to come between S. frigidus and 
S. campestris ” He also ventures the opinion that 
S. tundricola “is identical with S. integrifolia var. 
lindstromii Ostenf.” Dr. A. E. Porsild, in his paper, 
Contrb. to the FI. of Alaska, Rhodora -11 : 298—299, 
does not include S. tundricola and he definitely re- 
duces S. integrifolia var. lindstromii to S. atropur- 
pureus . In the face of this uncertainty as to valid- 
ity of the species S . tundricola and the seeming 
distinctness of S. denalii from the known species 
with, which S. tundricola has been compared one 
may well assume the validity of S. denalii . 

The name Denali is the Indian name for Mt. 
McKinley, the highest peak in North America 
(20,300 ft.). It dominates the landscape of interior 
Alaska. To the natives it has always been personi- 
fied as “The-High-One” (Denali), or the High- 
god. 

S. denalii occurs in wet swales in the mountains 
(2500-3500 ft.), usually in open patches of low- 
growing caespitose willows. A veil and Ruth A. Nel- 
son, no. 3800 (Type), Polychrome Pass, July 14, 
1939; no. 3636, contributed by F. A. Warren, High- 
way-Pass, July 3, 1939. 

Taraxacum carneocoloratum sp. nov. 

Planta gracilis ; foliis oblongo-lanceolatis 3-6 
cm. longis 1-1.5 cm. latis marginibus 3-6-dentatis, 
dentibus plus minusve ovatis subacutis; scapo 1-1.5 
dm. alto apice parce albo-arenoso; capitulis medio- 
crihus; bracteis exterioribus late ovatis 3-5 mm. 
longis erectis deinde patentibus vel paullo reflexis 
viridibus vel margine rubro-tinctis, bracteis inte- 
rioribus graciliter-corniculatis plus minusve roseo- 
suffusis ; ligulis definite carneo-coloratis ; achaeniis 


pallidis circa 4 mm. longis apice solum spinuloso- 
muricatis. 

Perennial, the short tap-root with one or more 
crowns, each with several leaves and 1 or 2 scapes ; 
glabrous except for a scanty white pubescence at 
the base of the involucre; leaves oblong-lanceolate 
in outline, the blade 3-6 cm. long, 1-1.5 cm. broad, 
the 3-6 pairs of teeth subacute and more or less 
triangular; scapes 10-15 cm. long, slender; head 
comparatively large; involucre broadly campanu- 
late, its outer bracts in two series, broadly ovate, 
the thicker center green becoming tinged with red, 
at first erect but finally spreading or somewhat re- 
flexed, 3-5 mm. long, inner bracts margined, slen- 
der-corniculate, green but gradually becoming pink ; 
flowers definitely flesh-colored from the beginning 
to maturity; achenes pale, somewhat flattened, 
about 4 mm. long, spinulose-muricate at tip only, 
beak slender, longer than the achene, tapering from 
base to the disk bearing the white pappus which is 
as long as the beak. 

To find a Taraxacum that is definitely some other 
color than yellow was so much of a surprise that 
some pains were taken to determine that it was not 
a mere color phase. The pink (flesh color) of the 
ligules seemed constant. The tendency to redness 
was emphasized by the redness in the other floral 
structures. 

Two collections were secured but both were in 
the same general area. First by Fred A. Warren, 
July 3, 1939, on a wet ridge, near Stony Pass, Mt. 
McKinley National Park; then by Aven and Ruth 
Nelson above Stony Pass, near mile-post 61, July 
3, 1939, no. 3646 (Type), Rocky Mountain Her- 
barium. 

University of Wyoming, 

Laramie, Wyoming 
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THE EVOLUTION OF OXYGEN FROM SUSPENSIONS OF CHLOROPLASTS ; THE 
ACTIVITY OF VARIOUS SPECIES AND THE EFFECTS OF PREVIOUS 
ILLUMINATION OF THE LEAVES 1 


Johanna Krnnm and C. S. French 


The number of studies of the physiological ac- 
tivity of isolated chloroplasts is relatively small, 
for their main function, photosynthesis, does not 
continue when they are removed from the living 
cell. The early work with isolated chloroplasts, re- 
viewed by Spoehr (1926) and by Inman (1935), 
has shown that some oxygen-evolving capacity re- 
mains after they are removed from the living cells, 
but its rate is low relative to photosynthesis of nor- 
mal leaves and the oxygen appears to come from 
some substance present in very limited amounts. 
More recently Menke (1938) and also Comar 
(1942) have isolated spinach chloroplasts by dif- 
ferential centrifugation and have presented ana- 
lytical data as to their composition. Granick (1938) 
has also presented analyses of spinach chloroplasts. 
Neish (1939) isolated chloroplasts and studied 
the factors affecting their flocculation. Preparations 
of oat chloroplasts were analyzed for their nitrogen 
content by Galston (1943) who also described their 
agglutination by castor bean extracts. 

Hill (1939a and b) has shown that suspensions 
of macerated leaves which contain intact chloro- 
plasts, and to which ferric salts of an organic acid 
have been added, evolve oxygen when illuminated. 
This oxygen was measured manometrically in the 
presence of potassium ferricyanide by Hill and 
Scarisbrick (1940b). Such an evolution of oxygen 
may be similar to or identical with corresponding 
steps in normal photosynthesis. It is brought about 
by the reduction of ferric salts without a simulta- 
neous reduction of carbon dioxide arid its rate is 
more nearly comparable to that of photosynthesis 
in intact leaves. Other aspects of this phenomenon 
have been described by Hill and Scarisbrick (1940a 
and c), French and Rabideau (1945), French and 
Anson (in preparation), and by Holt and French 
(in preparation). Fan, Stauffer and Umbreit (1943) 
have furnished additional evidence that the evolu- 
tion of oxygen and the reduction pf carbon dioxide 
are separate steps in the process of photosynthesis 
by adding benzaldehyde and other reagents to 
Chlorella cells which then evolved oxygen in the 
absence of carbon dioxide. 

In our work with the “Hill reaction’ we were 
interested in comparative measurements of the ca- 
pacity of the chloroplasts of various species to pro- 
duce oxygen, particularly those that could be sub- 
jected to different environmental conditions, yet 

1 Received for publication December 4, 1944*. 

It is a pleasure to thank Professors C. O. Rosendahl 
and N. L. Huff and Dr. J. W. Moore of this department 
for their kind assistance in the identification of the plant 
species. 


still remain active. It will be shown that the history 
of the plant’s relation to light prior to chloroplast 
isolation is at least as important as the species used. 

Procedure. — Isolated chloroplasts were pre- 
pared in the following way. Leaves were picked 
from growing plants, and were immediately put 
into cold tap water. They were thoroughly washed, 
then placed in a large porcelain evaporating dish 
containing tap water kept at about 10°C.; to this 
was added a small amount of potassium bicarbonate. 
The material was exposed to light in front of a 
window in the laboratory for one-half to one hour. 
For those experiments in which the plants had been 
subjected to specific periods of illumination or of 
darkness, the leaves were removed, washed, and 
used without this light exposure period. 

Several handfuls of leaves were then placed in a 
Waring blendor with 200 cc. of ice-cold 0.5 M 
sucrose solution. The blendor was operated for one 
minute after the last leaf was drawn into the liquid. 
At the end of this time the mixture was poured 
through a fine textured muslin cloth to remove in- 
tact cells and fibers. The liquid was gently squeezed 
into a beaker kept in a cold water bath at 0°C. 
This suspension was centrifuged in an angle cen- 
trifuge at 2700 r.p.m. for ten minutes. The tubes 
were refilled with more of the original suspension 
and replaced for a second centrifugation. The elilo- 
roplasts were then collected in a cool test tube in 
a few cc. of 0.5 M sucrose solution and replaced in 
the cold water bath until ready for use. 

In the main chamber of a double side arm M ar- 
burg vessel was placed 2.0 cc. of a modified Hill s 
solution, containing the following substances : potas- 
sium oxalate 0.5 M, ferric ammonium sulfate 0.01 
M, potassium ferricyanide 0.02 M, sucrose 0.2 M, 
borate buffer pH 7.0, 0.167 M. The modifications 
from Hills original mixture are those found by 
Newcomb in unpublished work to give higher rates 
of 0 2 evolution. In one side arm was placed 0.5 cc. 
of the chloroplast suspension. In directly compara- 
ble experiments the amount of the suspension added 
to the vessels was adjusted by dilution to give the 
same amount of chlorophyll in all preparations. 
Above approximately 0.3 mg. chloroplast chloro- 
phyll per vessel, lower activity values are obtained. 
The manometers were then put in a constant tem- 
perature water bath kept at about 5—10 C, After 
the first 10 minutes of shaking, the manometers 
were removed and the chloroplast suspension mixed 
with the rest of the liquid. The manometers were 
replaced and shaking was resumed for 3 minutes 
in the dark, after which the light was turned on 
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from two Lumiline bulbs suspended about 2 cm. be- 
low the flasks. This gave a sufficiently bright light 
so that the rate of the reaction was essentially inde- 
pendent of the intensity. Readings were taken at 
5 -minute intervals for 80 minutes. The oxygen 
evolved was plotted against time and the rates cal- 
culated graphically from the initial slopes of these 
curves. The rate of oxygen evolution based on the 
chlorophyll content (M = mg. chlorophyll per ves- 
sel) was calculated as follows: 

cmm. Oo 

Qt = -• 

Hrs. X M 

Triplicate measurements were made in every ex- 
periment throughout our entire work. More de- 
tailed accounts of the procedures used are given by 
French and Anson (in preparation). 

Experiments and results— Measurements of 
the activity of chloroplasts from, various species . — 
Suspensions were prepared in the above manner 
from various plant species listed in table 1. In each 
case leaf tissue was obtained from growing speci- 
mens except in the case of spinach which was pro- 
cured at a grocery store. 

Much of the previous work has been done on 
spinach since it can be conveniently purchased the 
year around. This species did not, however, lend 
itself easily to a series of light treatments due to 
some difficulty in cultivating it in our greenhouse. 
We therefore proceeded to investigate a number of 
species having chloroplasts that were capable of 
evolving oxygen and that could be subjected to 
various conditions. In the search for such a species 
we found that Tradescantia, which is easily propa- 
gated and which also has the property of with- 
standing a number of environmental changes, gave 
high activity. 

Many species tested for oxygen evolution con- 
tained tannins or phenolic compounds and when 
combined with Hill’s solution formed a dark color, 
thus failing to show evidence of activity. Species 
of plants giving such a reaction were Rosa rugosa. 
Polygonum aviculare s Syringa vulgaris , Uriica 
dioica, Ambrosia artemisiifolia and Rhus typhina. 
A brown precipitate and a severe clumping of chlo- 
roplasts occurred in preparations from Taraxacum 
palustre var. vulgar e, JJrtica dioica, Ambrosia arte- 
misiifolia and Plantago major . Suspensions pre- 
pared from Castalia odorata contained a large num- 
ber of starch grains and therefore required a num- 
ber of differential centrifugations in order to re- 
move the starch. After this extended process there 
was no activity. Other species from which we ob- 
tained no activity in a single trial were: Oplismenus 
compositus, Acer Negundo , Oxalis stricta, Sedum 
sp., Lilium tigrinum , Commelina communis , and 
Zebrina pendula. 

Hill (1939b) reports that Stellaria media gives 
little or no activity after 6 :00 p.m., due we believe 
to the light effect described below. We have no 
clear-cut evidence in our work that the activity 


varies with time of picking during the daylight 
hours, although such an effect would be a reason- 
able consequence of the data reported below. 

Table 1 . A comparison of the oxygen evolving capacity of 
chloroplasts from several species of plants. 


Rate of Concen- 
0 2 evo- tration of 

Plant lution chloroplasts Activity 

cmm. 0 2 / mg. chyll. 

10 min. per vessel QqJ, 

Aster tatarica . . 38 1.95 120 

Aster tatarica 21 1.14 110 

Aster tatarica 15 1.65 55 

Aster tatarica 25 0.72 210 

Aster tatarica 16 0.60 160 

Mirabilis jalapa 15 0.46 195 

Mirabilis jalapa 14 0.46 180 

Mirabilis jalapa ...... 15 0.48 190 

Mirabilis jalapa ...... 6.5 0,33 120 

Mirabilis jalapa 14 0.48 175 

Impatiens biflora 16 0.42 230 

Impatiens biflora 17 0.42 240 

Impatiens biflora. 17 0.41 250 

Impatiens biflora...'... 18 0.42 260 

Impatiens biflora 5.5 2.3 14 

Impatiens biflora 6.5 0.83 47 a 

Impatiens biflora 14 0.42 200* 

Impatiens biflora 8.2 0.2 250 a 


Tradescantia fluminensis 24 0.45 320 

Tradescantia fluminensis 27 0.45 360 

Tradescantia fluminensis 30 0.43 420 

Tradescantia fluminensis 42 0.17 1500 b 

Tradescantia fluminensis 34 0.17 1200 c 


Spinacia oleracea 12 0.83 87 

Spinacia oleracea 17 0.18 570 


a Diluted with water, chloroplasts still intact. 

b Leaves put in ice water and exposed to window light 
for two hours. 

c Same suspension as in line above but kept at 0° for 
24 hours. 

The chloroplasts of various species behave dif- 
ferently during extraction. Some leaf tissues (e.g., 
Impatiens ) produce intact chloroplasts withstand- 
ing several centrifugations, whereas some, like 
Tradescantia fluminensis, have chloroplasts which 
break up into fragments in the blendor. In the 
preparation of the material, a 0.5 M sucrose solu- 
tion was used to maintain an approximately isotonic 
solution. However in several preparations of Im- 
patiens, suspensions which were made as described 
above and then were diluted with redistilled water 
nevertheless showed a high activity. Microscopic 
observations indicated no changes in the structure 
of chloroplasts in dilutions down to 0.05 M sucrose. 

Increase in activity of chloroplasts isolated from 
plants illuminated for various lengths of time after 
a long dark period . — Since it is evident from table 
1 that a great variation of activity can be obtained 
from different samples of the same species, as well 
as by using different species, we attempted to And 
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the cause of this variation. Since the most obvious 
variable in the immediate past history of the plants 
probably had to do with light intensity* we investi- 
gated the effects of prior exposure to light or to 
darkness on the oxygen evolution of the subsequent- 
ly isolated chloroplasts. 

Two series of Trade scantia twigs were placed in 
the dark at 20 °C. in gallon jars with wire mesh 
guides to hold them upright. The lower ends of the 
plants were in water. The first series was left in 
the dark for two days and the second for three days. 
At the end of the dark periods some leaves were 
picked* the chloroplasts removed* and their activity 
measured. The plants were then illuminated by 
tungsten bulbs yielding 150 foot candles after the 
light had been filtered through seven inches of 
water. Light exposures of two* four* and six hours 
were given and* at the end of each of these periods 
of time* the activity of the chloroplasts was meas- 
ured again. The experiment was repeated using the 
same two dark periods* followed by exposure to 
sunlight of 5,000 f.c. The results of these measure- 
ments are given in figure 1 which shows that the 
activity increases in direct proportion to the time of 
exposure* to sunlight as well as to the weaker light 
at least up to six hours. Presumably longer periods 
would have resulted in still greater activities. A 
possible interpretation of this effect will be pre- 
sented below. 



1 Fig. 1. The increase in rate of 0 2 evolution, in cmm. 0 2 

■ per hour per mg. of chlorophyll, of chloroplasts isolated 

from plants kept in the dark for two or three days and 
I then exposed to light for various lengths of time prior to 

removal of the chloroplasts. 

We also measured the activity of suspensions 
from plants that had received light treatments of 
72 or 96 hours with light intensities of 150 or 350 
foot candles. The purpose of this was to determine 
whether the intensity of the illumination or the 
length of time involved was the more important fac- 
tor. It was observed that the duration of treatment 


had a greater effect than the intensity of light. Long 
exposures to light of 150 f.c. and of 350 f.c. gave 
nearly identical activities as shown in table 2. 



HOURS IN DARK 

Fig. 3. The decrease in rate of oxygen evolution of 
chloroplasts isolated from plants kept in the dark for 
various lengths of time. 

At the same time it seemed important to vary the 
medium in which the plants were cultivated. Two 
series of plants were arranged, one in tap water 
and the other in soil* both under tungsten light of 
150 f.c. In both* however* the activity was the same. 
After 96 hours both gave a Qq 1 * of 176. 


Table 3. The comparative effects of intensity and of time 
of illumination of plants on the rate of 0 2 evolution 
of chloroplasts subsequently isolated from them. 



Rate of 0 2 evolution 


Illumination 

Illumination 

Time 

150 f.c. 

350 f.c. 

(hrs.) 

Qoi 

r»ch 

73 

375 

383 

96 

3 68 

3 63 


Decrease in activity of chloroplasts isolated from 
plants kept in the dark for various periods. — The 
activity of chloroplasts taken from plants which had 
been kept in the dark for various lengths of time 
was measured. In some experiments* Tradescantia 
plants were taken from the greenhouse after having 
received six hours of sunlight and been placed in 
the dark. In other experiments* plants were placed 
in the dark after having been kept at 20 °C. under 
150 f.c. of water-filtered tungsten light* one series 
for two days and another for three days. Chloro- 
plast suspensions from these specimens were tested 
at intervals. The results are shown in figure 2. The 
data are probably not precise enough to give great 
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significance to the shape of the curves,, but it is evi- 
dent that the decrease in activity is rapid. The curve 
for the plants previously in sunlight dropped to 
one-half of its initial height in 1.6 hours. It is obvi- 
ous from these data that experiments on the Hill 
reaction should be made with chloroplasts from 
plants that have been previously exposed to light 
for a considerable length of time. 

Effects of illumination on the retention of activ- 
ity of chloroplasts suspended in sucrose at 5 C. 
Since illumination of plants prior to the extraction 
of chloroplasts increased the activity of the isolated 
chloroplasts, an attempt was made to see if the 
same effect could be observed in chloroplasts re- 
moved from the leaves and irradiated when sus- 
pended in sucrose solution. No increase in activity 
was found as a result of storage of extracted chlo- 
roplasts in the light, but the loss of potency on 
standing was considerably reduced. 

For this experiment chloroplasts isolated from 
Tradescantia were treated with water-filtered light 
from a tungsten lamp. The light was reflected from 
an elliptical mirror placed in such a position as to 
allow a beam of light of 3,000 f.c. to fall on the 
suspension spread as a thin layer in a Petri dish 
placed in a water bath at 5°C. The dark controls 
were kept in the water bath in wrapped test tubes. 
After four and six hours of illumination samples 
were taken for activity measurements. The oxygen 
released from the illuminated suspensions remained 
fairly constant for this time and was higher than 
the activity of the control suspension kept in the 
dark. The results are presented in table 3. Since the 
dark control was kept in a test tube instead of in a 
Petri dish, the difference in aeration may have had 
some effect. 


Table 3. Activity of Tradescantia chloroplasts stored at 
5°G with and without illumination of 3/)00 f.c. 


Time of 
storage 

Dark control 

Illuminated 

(hrs.) 

Qo 2 

•**§.. ■ ■ ■ 

GCh 


Experiment 1 


0 

660 

660 

■Q 

510 

650 

4 

420 

640 


Experiment 2 


0 

640 

640 

4 

330 

640 

6 

390 

560 


It is to be noted that the loss of activity in Tradescantia 
during dark storage was much greater In this experiment 
than in the one shown in table 1, or than in other experi- 
ments .using Impatiens biflora. The chlorophyll concentra- 
tion in the vessels used for activity measurements at 8°C. 
was 0.38 mg. per vessel. 

Discussion. — Variation of activity in relation to 
species. — If we pick out of table l the values for 
the activities measured at the lower chloroplast 
concentrations only, we obtain the following QgJ 


values: Aster tatarica 160-210, Mirabilis jalapa 
120-180, Impatiens biflora 200-260, Tradescantia 
fluminensis 320-1,500, Spinacia oleracea 570 (other 
spinach data in this laboratory give a usual range 
for many measurements over a three-year period of 
100-700). The high Tradescantia result was ob- 
tained from plants that had been longer illuminated 
and had been kept cooler than the rest of the plant 
material used. In other work (French and Rabi- 
deau, 1945), it was found that the efficiency at low 
light intensity was similar in both Tradescantia and 
spinach. Except for those plants which have inter- 
fering substances causing entire loss of activity, it 
would seem from this brief survey that differences 
in activity among the preparations from usable 
plants are not significantly correlated with species. 

On the basis of the data so far available we might 
tentatively consider the Hill reaction to be a phe- 
nomenon generally associated with the usual type 
of photosynthesis mechanism common to all green 
plants, except those that contain the interfering 
substances already described by Hill. The inability 
of intact leaf and algal cells to show this reaction 
may possibly be caused by impermeability of the 
cell wall to the reagents used. That this is more 
likely than the presence of cytoplasmic inhibitors 
is evident from the fact that Hill used crude leaf 
macerates with success and that we have generally 
found activity in such preparations from spinach. 

The effect of prior illumination of the leaves . — 
The increased activity of chloroplasts from plants 
that have been exposed to light before chloroplast 
isolation may be a reflection of what may be called 
loosely the physiological state of the leaf. A more 
specific interpretation that we have adopted as a 
working hypothesis is that the light exposure pe- 
riods builds up, by means of normal photosynthe- 
sis, the concentration of some unidentified sub- 
stance, which in addition to the Hill reagents and 
the components of dark-adapted chloroplasts is 
essential for the evolution of 0 2 . It is tempting to 
think of this hypothetical substance as an interme- 
diate in the usual process of photosynthesis which 
increases in concentration in the light and is then 
slowly removed by a dark reaction. If this does turn 
out to be the case we might be able to measure its 
concentration in plant extracts by following the 
acceleration of the rate of 0 2 evolution of dark- 
adapted or of washed chloroplasts when extracts 
containing this substance are added to it. So far we 
have little idea of the maximum rate that may be 
attained by a prolonged preliminary exposure to 
light. Up to six hours there is no apparent falling 
off of the stimulating effect of light. One experiment 
with Tradescantia gave a Qq* of 1,500, about five 
times the maximum attained in the results shown in 
figure 1, suggesting that the effect may be even 
greater than has yet been found in any measure- 
ments with adequate dark controls. 

Since in these experiments bright light was used, 
the rate of the reaction is independent of the light 
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intensity, that is to say, the measured rate is deter- 
mined by the maximum rate attainable by the enzy- 
matic system rather than by the rate of the photo- 
chemical step. It is therefore not known if the pho- 
tochemical step is or is not influenced by the previ- 
ous illumination of the leaves. If such were the case 
this might have considerable bearing on the varia- 
bility found in the quantum yield determinations of 
the Hill reaction described by French and Rabi- 
deau (1945). 

Many of the experiments reported in table 1 were 
made with too high a chloroplast concentration in 
the vessels to give reliable Qq 1 * values and they 
should not be taken to indicate low activity of those 
preparations. A few measurements were undertaken 
to construct a curve from which correction factors 
could be deduced to reduce all the data to a low 
chloroplast concentration, but we believe that for 
the present data comparisons at about 0.4 mg. chlo- 
roplast chlorophyll per vessel will give as satisfac- 
tory results. Curves relating rate and chloroplast 
concentration will be given elsewhere. The present 
data are not of a high order of accuracy since we 
do not have any comparisons of replicate extrac- 
tions from the same batch of leaves. The general 
consistency of the data of figure 1 does however 
suggest that there is no great variation introduced 
by the extraction procedure. 


SUMMARY 

The evolution of oxygen from illuminated suspen- 
sions of chloroplasts in solutions containing ferric 
oxalate and potassium ferricyanide was measured 
using chloroplasts from twenty-two different spe- 
cies of higher plants. Many gave no reaction what- 
ever, due to the presence of interfering substances, 
presumably tannins, that combine with the added 
iron to form highly colored compounds. Those spe- 
cies that do give the oxygen evolution reaction have 
roughly similar ranges of activity based on the 
amount of chlorophyll present. Various prepara- 
tions of the same species gave as different activities 
as did preparations from assorted species. This may 
be due to the past history of the specimens, particu- 
larly in regard to their exposure to light, which was 
found to increase the rate of oxygen evolution mark- 
edly as compared to that from plants kept in the dark 
before removal of the chloroplasts. This increased 
activity of light-treated plants dies away again 
when they are stored in the dark. The light effect 
is suggested as being due to the accumulation of 
some unidentified intermediate of normal photo- 
synthesis. 

Department qf Botany, 

University of Minnesota, 

Minneapolis, Minnesota 
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NUTRIENT REQUIREMENTS IN THE GERMINATION OF THE CONIDIA OF 

GLOMERELLA CINGULATA 1 

Ch’wan-Kwang Lin 



In a previous work (1940) the writer showed that 
the conidia of Sclerotinia fructicola (Wint.) Rhem 
require nothing but an energy material for germina- 
tion. It was thought that the same might hold true 
for Glomerella cingulata (Stoneman) S. and von S., 
since the latter has been used similarly in numerous 
physiological and fungicidal studies. To his sur- 
prise, however, a supply of dextrose alone did not 
materially increase the percentage of germination of 
this fungus. After much experimentation, complete 
normal germination was finally obtained in a solu- 
tion containing small quantities of dextrose, ammo- 
nium nitrate, mono-potassium phosphate and mag- 
nesium sulphate. The salts supplied evidently serve 
as nutrients. The following describes some experi- 
ments which lead to this conclusion. 

Material and methods. — The fungus culture 
supplied by Dr. C. T. Wei was originally isolated 
from plums. It produces an enormous number of 
spores in a short period of time. Sub-cultures were 
always made by smearing spores on potato-sucrose 
agar plates. Spores for germination experiments 
were obtained from the flooded surface of a three- 
day-old plate culture using a soft goat’s hair brush 
(Chinese pen) to work them free. A spore suspen- 
sion thus obtained is practically free from mixtures 
of conidiophores, mycelial bits and agar lumps. Re- 
moval of the chemical substances carried over from 
the original medium by the centrifugation method, 
and all other subsequent processes of the germina- 
tion experiment by the petri dish method, were ex- 
actly the same as described in the previous paper 

1 Received for publication December 7, 1944. 
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(1940). Readings of the percentages of germina- 
tion were made 12 hours after the start of the ex- 
periment. 

Experimentation. — As in the case of some earlier 
investigators, the writer also observed that the 
cleaned spores which do not germinate in pure water 
germinate luxuriantly in a dilute plant decoction 
such as apple juice. After it was found that the sup- 
plement of dextrose only was ineffective in promot- 
ing germination, several experiments were carried 
out to test the activity of vitamins and auxins includ- 
ing thiamin chloride, nicotinic acid, ascorbic acid, 
glutathione, inositol and indoleacetic acid alone andi 
in combination. The results were in all cases nega- 
tive. 

The first successful experiment was one in which 
a combination of three mineral salts was added be- 
sides dextrose (table 1). 

The results clearly indicate that the addition of a 
single salt like magnesium sulphate, which always 
insures full germination of the conidia of Sclerotinia 
fructicola , does not act similarly in the case of G. 
cingulata. Nor was a solution containing two salts 
effective. The use of three salts containing essential 
nutrient elements, however, brought about full ger- 
mination with robust germ tubes such as observed in 
a plant decoction. 

It now seemed desirable to perform a routine test 
for the indispensability of various ions for germina- 
tion, such as is done in a mineral nutrition experi- 
ment. 

The results shown in table 2 indicate the indis- 
pensability of compounds containing nitrogen, phos- 
phorus, magnesium and carbon, but not potassium 
and sulphur. 

Further experiments were conducted to test the 
effect of potassium and sulphur in a solution in which 


Table 1 . Effect of the composition of the medium on the germination of the conidia of Glomerella 
cingulata. Number of spores per cc., 17,000. Each figure represents the average of ten repli- 
cate counts on two petri dishes. 


Per cent 

Composition of the germination medium 4 germination 


None (re-distilled water) 0*9 

Dextrose 8.1 

Dextrose -j- MgS0 4 18.1 

Dextrose + KN0 3 0.6 

Dextrose + KH 2 P0 4 0.3 

Dextrose + * Ca(N0 3 ) 2 3.8 

Dextrose + MgS0 4 -f KH*P0 4 40.4 

Dextrose + KN0 3 + Ca(N0 3 ) 2 5.1 

Dextrose + MgS0 4 -f KN0 3 + KH 2 P0 4 99.9 

Dextrose + MgS0 4 + KN0 3 + KHoP0 4 + Ca(N0 3 ) 2 95.9 


a In all cases, the concentration of dextrose was 0.05 per cent, that of each of the mineral salts 
1.0 millimol. 
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Table 3. Essentiality of various ions for the germination of the conidia of Glomerella cingulata. 
Number of spores per cc., 24fi00. Each figure represents the average of ten replicate counts 
on two petri dishes. 


Chemical substances supplied 11 


Element lacking 


Per cent 
germination 


Dextrose + KN0 3 + KH 0 PO 4 -f- MgS0 4 . 
Dextrose + NH 4 C1 -f KH 0 PO 4 + MgSD 4 
Dextrose + KC1 + KH 2 P0 4 + MgS0 4 ... 
Dextrose + NaN0 3 ^ NaHoP0 4 + MgSO 

Dextrose + KN0 3 + KC1 '+ MgS0 4 

Dextrose + KN0 3 -f KH 2 P0 4 +' MgCl 2 . 
Dextrose + KN0 3 + KH 0 PP 4 + NaoS0 4 
KN0 8 + 'KH 9 PO 4 + MgS0 4 


Carbon and minerals 

0.0 

Minerals 

0.0 

None 

80.4 

None 

93.8 

Nitrogen 

3.9 

Potassium 

84.1 

Phosphorus 

1.5 

Sulphur 

79.3 

Magnesium 

0.9 

Carbon' 

0.7 


a In all cases, the concentration of dextrose is 0.01 per cent, that of each of the mineral salts 
1.0 millimol. 
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the amounts of the other salts were much decreased 
in order to minimize the amounts of potassium and 
sulphur which might be present as impurities. As 
table 3 indicates, the requirement of sulphur is clear- 
ly demonstrated, but no striking difference in germi- 
nation can be detected in potassium-containing and 
potassium-free media. 

Table 3. Effect of potassium and sulphur on the germina- 
tion of the conidia of Glomerella cingulata in highly 
diluted media. Number of spores per cc., 16,000 in ex- 
periment 1, 44,000 in experiment 2. Each figure repre- 
sents the average of twenty replicate counts in 4 petri 
dishes. 



Per cent germination 

Germination media 11 

Experiment 1 Experiment 3 

Full nutrient solution . . . 

80.0 

70.9 

Sulphur lacking 

30.4 34.1 

Potassium lacking 

61.9 

95.6 


a Concentration of dextrose 0.005 per cent, NH 4 N0 3 0.1 
millimol, KH 2 P0 4 0.01 millimol, MgS0 4 0.01 millimol, 
MgClo 0.01 millimol, NaH 2 P0 4 0.01 millimol. 


The determination of the minimum mineral re- 
quirement has been successful only in the case of 
nitrogen and phosphorus, which are presumably 
the major elements concerned in germination. The 
data presented in tables 4 and 5 indicate that ap- 
proximately three gamma are sufficient to bring 
about full germination of thirty to forty thousand 
spores. The requirements of nitrogen and of phos- 
phorus are of the same order of magnitude. 

Discussion. — Early investigators studying spore 
germination by the Van Tieghem cell method usually 
found no difficulty in the germination of conidia of 
G. cingulata in distilled water (Hawkins, 1913, p. 
63). This was undoubtedly due to the carrying-over 
of sufficient nutrient material from the original me- 
dium by direct transfer. Goldsworthy and Green 
(1938) observed that most of the spores planted on 
water-agar blocks subjected to a 24-hour continuous 
flow of distilled water did not germinate. Those 


spores planted on potato-dextrose-agar blocks, how- 
ever, germinated rapidly. The authors assumed that 


Table 4. Nitrogen requirement in the germination of the 
conidia of Glomerella cingulata. Basic medium: dex- 
trose 0.01 per cent, MgSO± 1.0 millimol , KH^PO^ 1 
millimol. Number of spores per cc., 86,000. Each figure 
in column 8 represents the average of five replicate 
counts in each petri dish. 

Concentration of 


NH 4 N0 3 

Nitrogen 

Per cent 

(millimol) 

gamma/cc. 

germination 

None 

None 

0.0- 2.5 

0.001 

0.038 

13.6-15.7 

0.003 

0.056 

41.7-50.6 

0.004 

0.113 

80.3-84.0 

0.01 

0.38 

96.3-96.4 

0.03 

0.56 

98.8-99.3 

0.04 

1.13 

99.9-99.9 

0.1 

3.8 

98.8-99.3 


Table 5. Phosphorus requirement in the germination of 
the conidia of Glomerella cingulata. Basic me.dmmt 
dextrose 0.01 per cent, NH4NO3 0.2 millimol, KGl 0.1 
millimol, MgSO 4 0.1 millimol . Number of spores per 
cc., 80,000. Each figure in column 8 represents the 
average of 5 replicate counts in each petri dish , 


Concentration of 


NaH 2 P0 4 

(millimol). 

Phosphorus 

gamma/cc. 

Per cent 
germination 

None 

None 

0.5- 1.6 

0.001 

0.031. 

7.7-10.9 

0.003 

0.062 

38.4r-37.5 

0.004 

0.134 

65.8-78.4 

0.01 

0.31 

91.7-98.3 

0.03 

0.63 

94.8-96.7 

0,04 

1.34 

98.3-99.5 


the germination is made at the expense of some solu- 
ble accessory substance (1938, p. 494). 

So far as the present investigation goes, it seems 
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certain that the conidia of G. cingulata , after being 
washed by centrifugation, demand an external sup- 
ply of most of the major nutrient elements for ger- 
mination. In case of Sclerotinia fructicola (Lin, 
1940), the only material required for spore germina- 
tion is a suitable source of carbon. Mineral salts 
which sometimes promote spore germination of S. 
fructicola play some physiological roles other than 
direct nutrition. Since several of the mineral ele- 
ments found to be necessary for the germination of 
the conidia of G. cingulata are not replaceable, there 
is little doubt that in this case they function as nu- 
trients. 

Apparently the conidia of G. cingulata have so 
little reserve of the carbon source and other nutri- 
ents that they are unable even to initiate the earliest 
stage of growth. Whether there are nutrients in the 
gelatinous matrix of the spore mass sufficient for 
their use in germination is not known. In any case, 
it is quite possible that the germination of rapidly- 
formed spores such as the conidia of G. cingulata 
depends on some mineral nutrients as well as on 
energy material supplied by the new substratum. 

SUMMARY 

Normal germination of the cleaned conidia of 
Glomerella cingulata has been obtained by using a 
full nutrient solution composed of dextrose, magne- 


sium sulphate, ammonium nitrate and potassium 
phosphate. The elements carbon, magnesium, nitro- 
gen, phosphorus and sulphur have been proved to be 
indispensable, and the minimum requirement of ni- 
trogen and phosphorus has been found to be of the 
order of 10" 4 gamma per spore. It has not been pos- 
sible to demonstrate the indispensability of potas- 
sium. There is no evidence that an external supply 
of any organic substances other than sugar is neces- 
sary. 

This is believed to be the first report of mineral 
nutrition in the germination of fungus spores. 

Plant Pathology Laboratory, 

The University of Nanking, 

Chengtu, China 
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SOME ECOTYPIC RELATIONS OF DESCHAMPSIA CAESPITOSA 1 


William E. 

This paper presents the results of an inquiry 
into the ecotypic relations of Deschampsia caespi- 
tosa (L.) Beauv. These have been assembled under 
two general topics: (1) the results of experiments 
on this species and (2) the significance of the eco- 
type concept in ecology. 

Deschampsia caespitosa affords good material for 
the study of ecotypes. The variability of this grass 
indicates that its genetic diversity may correspond 
to the differences in ecological conditions obtaining 
throughout its wide geographic range. By bringing 
together individuals from geographically diverse 
regions to be grown in a uniform environment, a 
simple test is afforded of genetic diversity. Differ- 
ences in the growth and behavior of these individ- 
uals reveal inherent genetic reactional characteris- 
tics of the various populations which they repre- 
sent. The separate populations from each ecologi- 
cally diverse region may constitute a genetically 
and physiologically distinct race complex called an 
ecotype. The existence of ecotypes in a number of 
species has been demonstrated by Turesson (1922a, 
1922b, 1925), Stapledon (1928), Gregor (1930), 
Sinskaia (1931), Clausen, Keck, and Hiesev 
(1940), and others. It cannot be presumed, merely 
because ecotypes have been shown to exist in certain 
1 Received for publication December 27, 1944. 


Lawrence 

species, that all taxonomic species are similarly 
constituted. Nor has any method been discovered 
by which they may be recognized in nature without 
experimental test, although their presence may 
often be suspected. 

This paper presents evidence to show that eco- 
types occur in Deschampsia caespitosa . It includes 
material, experiments, and records made available 
to the author through the Division of Plant Biology 
of the Carnegie Institution of Washington, at its 
central laboratory at Stanford University, Califor- 
nia. The author wishes to express his grateful ap- 
preciation for this courtesy to Dr. H. A. Spoehr, 
Chairman of the Division, and to Drs. Jens Clau- 
sen, David D. Keck, and William M. Hiesey for 
their generosity and kindly assistance through- 
out the investigation, including the preparation of 
this paper. Garden records, herbarium specimens 
(vouchers), and fixed materials for cytological 
study were made available for this investigation. 
An opportunity was also afforded to study the ex- 
periments at the Stanford, Mather, and Timberline 
transplant stations. During the summers of 1942 
and 1943 several weeks were spent in company 
with Dr. Clausen, and later with Dr. Hiesey at the 
two mountain stations, where observations were 
made on the experiments and on the ecological con- 
ditions and floras of the environs. 


June, 1045] 


LAWRENCE ECOTYPIC RELATIONS OF DESCHAMPSIA 


299 


Experimental methods in race ecology. — 
Wherever the relation of species to their natural 
surroundings is considered, two sets of variables 
are operative — the plant itself and the environment. 
It is difficult to separate them or to consider their 
component elements one by one. They cannot be 
critically differentiated when studies are limited 
to observations in the wild, nor is it possible to 
carry the whole of laboratory controlled technique 
into the field, yet fundamental studies on species 
in relation to their surroundings have recently been 
made by experimental methods. In this method one 
attempts to control the variables, so that only one 
factor is varied at a time. Such technique can be 
only approximated in field experiments. Two ap- 
proaches have been employed with success — (1) the 
growing of individuals of different origin in a uni- 
form garden as practiced by Turesson (1922a, 
1922b) and (2) the growing of clone members of 
selected species in two or more ecologically sepa- 
rated uniform gardens, as advocated by Bonnier 
(1890), Hall (1926), and Clements (1929). 

Perhaps nowhere have such experiments been 
carried out so well as in the mid-California transect 
of three climatic stations selected and established 
by H. M. Hall and associates and continued by 
Clausen, Keck, and Hiesey since 1932. These gar- 
dens at 100, 4,600 and 10,000 feet altitude, respec- 
tively, all have a relatively uniform soil and nearly 
level surface with open exposure. The plantings 
are kept free from weeds and contaminating seed- 
lings, thus removing the factor of competition and 
the question of individual identity. Continued vigi- 
lance year after year is necessary in order to eradi- 
cate potential contaminants. It is hardly possible 
to appreciate the amount of labor and care that 
have already entered into the establishment and 
maintenance of these stations in order to meet the 
scientific requirements of field experimentation. 

The importance of modern methods to ecol- 
ogy and agriculture. — Much of the comparatively 
recent ecological literature deals with the relation- 
ships of plant communities, their composition, dis- 
tribution, and succession. This has led a part of the 
workers in other fields to regard synecology as the 
main content of ecology. At present there is de- 
veloping a renewed interest in autecology, i.e., the 
nature of the individual and of the species, and of 
their relations with the environment. 

Ecology is not primarily concerned with the dis- 
covery of the genetical mechanisms governing the 
origin and decline of species, nor with the nomen- 
clatorial problems growing out of the diverse na- 
ture of populations as ends in themselves. An un- 
derstanding of the relationships of organisms to 
their surroundings with reference to their fitness 
for survival, productive capacity, sociability, occur- 
rence, and distribution is the real objective. From 
this point of view ecology contributes directly to 
biosystematics, as Clausen, Keck, and Hiesey 
(1945) designate this multiple approach to the 
study of evolutionary relationships. The solution of 


these problems requires coordinated discoveries in 
genetics, cytology, ecology, taxonomy, and other 
branches of biology. 

The integrating concepts of experimental tax- 
onomy or biosystematics are producing a more com- 
prehensive understanding of species and the subor- 
dinate population categories. These investigations, 
based in part on ecology, are gradually revealing 
the true relationships of species with the environ- 
ment. Turesson (1922b, 1925) found by collecting 
samples of a species from contrasting geographic 
areas and growing them in a uniform environment, 
that they represented distinct climatic races, which 
he called ecotypes or climatic ecotypes. Tedin 
(1925), Gregor (1931, 1938) and Sinskaia (1931) 
have found evidence for the existence of biotic eco- 
types. That other kinds of ecotypes exist is also 
indicated, such as edaphic ecotypes (Gregor, 1942). 
Clausen, Keck, and Hiesey (1940) demonstrated 
that the differences in climatic ecotypes are inher- 
ent in the plant and not altered by transplanting 
from one environment to another. 

Morphological and physiological concepts of 
adaptations characterized the early approach to 
ecology. Most of this work has been based upon 
individuals from which generalizations have been 
made as though they were equally applicable to 
every race of the entire species. However, species 
are abstract units into which individuals are classi- 
fied according to the author’s particular concept. 
Moreover, species have been arbitrarily subdivided 
into subspecies, varieties, formae, races and strains. 
Therefore, classifications based wholly upon mor- 
phological characters often do not have biological 
significance. Biologists in general have frequently 
disregarded what the taxonomist already knew, i.e., 
that no one plant or group of plants represents the 
taxonomic species in its entirety. It is now well 
established that many species are reducible to small- 
er genetically and ecologically distinct units — the 
ecotypes. 

One of the earlier attempts to explain the origin 
of species was based on the assumption that species 
differences were brought about by environmental 
factors acting upon individuals in such a manner 
as to change one species into another (Bonnier, 
1890; Clements, 1929, 1937, 1939). It is true that 
external influences have a marked effect upon 
growth and reproduction. Physiological reactions 
and morphological parts are modified by the envi- 
ronmental factors. These alterations are called 
modifications, and they are non-transmittable to 
the offspring. Though this view is not as yet uni- 
versally accepted (Clements, 1929, 1939), the evi- 
dence points overwhelmingly toward this conclu- 
sion (Clausen, Keck, and Hiesey, 1940), A .clear 
differentiation should be made between the envi- 
ronmental effects, or modifications, upon the indi- 
vidual, and those changes that arise from one gen- 
eration to another as a result of genetic variation. 
Experimental investigations on the nature of spe- 
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cies which do not keep these differences clear fail 
of their purpose. 

From the point of view of plant indicators, the 
individual has been used as a representative of the 
entire species very largely without critical inter- 
pretation. Plant communities differ not only in their 
specific but also in their ecotypic composition. 
From our present knowledge it is evident that the 
ecotype, rather than the whole species, is the indi- 
cator. This is well illustrated by the geographic 
distribution of the ecotypes of Deschampsia caespi- 
tosa to be discussed below. 

The ecotype concept aids our understanding of 
natural selection. It is clear that if species popula- 
tions are composed of ecotype populations, the se- 
lection affects the more specialized group first. 
Species survival, therefore, depends upon ecotype 
survival. 

In agriculture, where human standards form the 
basis of selection, the survival of plants depends 
upon the genetic fitness of strains and races to the 
particular combination of conditions involved in 
agricultural practice. Populations which fulfill these 
requirements are ecotypes in the same sense as 
applied to wild plants. They are, however, usually 
called commercial or cultivated varieties, or merely 
strains. 

Range plants and timber trees are subject to the 
same kind of ecological selection as other plants in 
the wild or in cultivation. As they occur on the open 

I range or in the forest they are ecologically fitted 

to the physical environment, and to their wild ani- 
mal and plant associates. With the introduction of 
grazing by domestic animals and the cutting of the 
forest, an additional biotic selection under the in- 
fluence of man is introduced. An examination of 
such areas may be expected to yield ecotypes of 
different kinds, and others in the process of for- 
mation. 

Finally, it must be added that ecotypes can be 
identified and understood only through experi- 
mental study. These experiments, however, show 
that some ecotypes are morphologically recogniz- 
able. Once the ecotype investigations of any given 
species are completed, many other questions may be 
viewed and answered in the light of these results. 
Species migration, invasion, competition, and geo- 
graphic distribution become problems involving 
ecotypes rather than entire species. 

Investigations on deschampsia caespitosa.— 
Deschampsia is a small genus of perhaps two dozen 
species, but only D. caespitosa (L.) Beauv. has 
been included in these experiments. This species 
has a primarily holarctic distribution, extending 
around the globe in the northern hemisphere but 
very , rarely to the north of the Arctic Circle. At 
middle latitudes it is primarily a montane species, 
and it is almost absent from the tropics, even on 
the highest mountains, although it occurs in south- 
ern Mexico and is reported from parts of Africa. In 
the southern hemisphere forms referred to this spe- 


cies occur in Australia, New Zealand, and Argen- 
tina. 

A number of species have been proposed to cover 
the variation found within the D. caespitosa com- 
plex. The attempt is made here to clarify the situa- 
tion only as it applies to western North America. 
For the purposes of these studies, all the material 
of this species and its relatives was studied in the 
Dudley Herbarium of Stanford University, the 
Herbarium of the University of California includ- 
ing the Vegetation Type Map Herbarium of the 
U. S. Forest Service and the T. T. McCabe collec- 
tion on deposit there, and the herbaria of the Cali- 
fornia Academy of Sciences, Oregon State College, 
Willamette University, and the Carnegie Institu- 
tion of Washington. Most of these collections were 
studied jointly with Dr. Clausen and Dr. Keck of 
the Carnegie Institution, so that the taxonomic 
conclusions represent the united opinion of the 
three workers. 

The typical form of Deschampsia caespitosa as 
represented in northern Europe is marked by its 
open panicles, with small spikelets, glumes mostly 
S -4.5 mm. long, and awns basally inserted, straight, 
and slightly shorter than the lemmas. This type 
occurs from Iceland across Eurasia from about the 
Arctic Circle southward to the Mediterranean and 
China. Westward it fails to occur in Greenland, but 
reoccurs in eastern North America from Newfound- 
land westerly to Pennsylvania, North Dakota, and 
Alberta. In western North America, in the area 
covered by the map, figure 1, this form occurs fre- 
quently, as indicated by the open circles, but even 
more commonly the awn is elongated, as shown by 
the solid circles, varying from a length just exceed- 
ing the lemma to one twice as long. These varia- 
tions in awn-length show almost no correlation with 
geographic distribution, which precludes the possi- 
bility of successfully separating any part of the 
western North American material from genuine 
caespitosa by this character. The longer awns are 
more or less geniculate, but this character also ap- 
pears to be of no aid in distinguishing natural units. 
The far western material tends to have larger spike- 
lets than the far eastern and European material, 
but this character likewise varies, so that no mor- 
phological separation appears possible between 
European and West American caespitosa genuina. 

Around the Gulf of Bothnia, at the head of the 
Baltic, a form occurs that differs from typical 
caespitosa only in having glumes 5-7 mm. long and 
awns much exceeding the lemmas. This is frequent- 
ly called D . hottnica (Wahl.) Trin., but from the 
nature of the variation found within caespitosa , 
this appears to be but a subspecies of that, to which 
Wahlenberg originally referred it as a variety. 

In the Alaskan area two variations are promi- 
nent. One is the common form of genuina as it oc- 
curs in western America. The other has much larger 
spikelets, the narrow glumes measuring 5-7 mm. 
long. In this form the awn is usually longer than 
the lemma, but sometimes it is as short as that in 
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caespitosa genuina of Europe. This typically tall 
and robust form is found from Kamtchatka and the 
Aleutian chain, along the immediate coast of Alaska 
and British Columbia, southward to northern Cali- 
fornia (ssp. beringensis , fig. 1). Its panicle is open 
as in genuina , and it is the predominant form of the 
northern islands, although it is replaced by genuina 
toward the interior of the Yukon and southward. 
This large-glumed form has been named D. berin- 
gensis Hulten, but a complete series of intergrades 
connects it with caespitosa genuina. There is no 
likelihood that it is a distinct ecospecies, although 
it has the quality of a subspecies, to which category 
it is here referred. It can scarcely be distinguished 
from I). bottnica, mentioned above, but the geo- 
graphic continuity of these forms has not been 
established, and it is believed that they have arisen 
independently. Related long-glumed forms are 
known from other coasts, however, as that of Lab- 
rador. 

In the Aleutian Islands and along the northwest 


coast D. caespitosa ssp. beringensis is typically a 
tall grass, frequently a meter or more in height. In 
the Pribilof Islands, however, and here and there 
elsewhere, it is found intergrading with an extra 
maritime form that attains a stature of only 15-25 
cm. This type often has glumes less than 5 mm. 
long, as in the West American forms of genuina . 
It is found very scatteringly from the central coast 
of Oregon northward, and it is probably that which 
has received the name D . caespitosa var. maritima 
Vasey, described from Vancouver Island material 
6-8 inches high. An Oregon form of this is now in 
cultivation, and it should be determined eventually 
whether or not this is subspecihcally distinct. Its 
occurrence is indicated on the map (fig, 1). 

Finally, along the California coast one finds a 
form that differs from D. caespitosa ssp. beringen- 
sis principally in its more condensed panicles, D. 
caespitosa ssp. holciformis (Presl) Lawr. This has 
been treated as a species ever since its proposal by 
Presl in 1880. The extreme form from Monterey, 
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California, at the southern end of the range of this la. Deschampsia caespitosa subsp. genuina 
unit, was the one originally described, but even (Reichenb.) comb. nov. (JD. caespitosa (L.) Beauv., 

that far south occasional plants are quite indistin- Agrost. 91, 149, 160, pi. 18, 1812; based on Air a 

guishable from ssp. beringensis, as indicated in fig- caespitosa L. Aira caespitosa genuina Reichenb., Ic. 

ure 1. Along the central California coast the popu- l:pl. 96, fig. 1682, 1834. American synonymy de- 
lations of this unit are often quite distinctive, with tailed in Hitchcock's Manual of the Grasses of the 

stout divaricate culms of medium height, heavy United States 833— 834, 1935), Densely tufted, with 

condensed panicles, long glumes, and awns often several erect culms 5-15 dm. high (on alpine peaks 

more adnate to the lemma than in the other units, often considerably reduced), leaves principally 

although this character is variable in all of them. basal, flat or folded, short or elongated; panicle 

From Humboldt County northward to Oregon, how- open, nodding, the spikelets 5 mm. or less long, 

ever, holciformis and beringensis appear to recom- green to darkly anthocyanous ; awn subbasally at- 

bine their characters freely. The northern limit of tached, rarely ±. adnate, usually shorter than the 
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is obvious that the morphological and ecological 
variability found within this species is not con- 
nected with differences in chromosome number, but 
with the genetic diversity within the chromosomes. 

The gametic number of 13 chromosomes is at 
variance with that reported by Hagerup (1939), 
namely, n = 14 in a form from Denmark, and 2 n 
= 28 in the bottnica form from Finland. Hagerup 
also reported n = 14 in the closely related D. 
arctica (Spreng.) Merr. ( = D. brevifolia R. Br.) 
and in D. pumila (Ledeb.) Ostenf., but the shape 
of the chromosomes in his figure 4 indicates that 
the 14 chromosomes in arctica were counted in a 
somatic instead of a meiotic division. Accordingly, 
this far northern plant is diploid, with only 7 pairs 
of chromosomes. 

Another close relative of D. caespitosa is D. al- 
pina (L.) Roem. & Schult., which differs in being 
viviparous and in occupying an ecologic zone to the 
north of caespitosa. Hagerup found 2 n = 56 in a 
form of it from near Bergen, Norway, and Flovik 
(1938) reported 2 n = 39, 41, and 49 chromosomes 
in three biotypes from Spitzbergen. D. alpina is 
therefore approximately hexaploid to octoploid. 
The high polyploidy and variation in chromosome 
number observed in alpina is characteristic of spe- 
cies that propagate asexually. 

D. caespitosa must be considered a tetraploid 
species, but its chromosome number ( n = 13) is 
rare in its tribe of the Gramineae, which usually 
follows a 7-series. The number 13 suggests that 
caespitosa may have arisen from ancestors with 7 
and 6 pairs of chromosomes. 

Sources of materials. — The individuals used in 
these experiments from Finland, Swedish Lapland, 
and southern Sweden were grown from seed col- 
lected by Dr. Jens Clausen in 1936, and those from 
California, with the exception of the Big Lagoon 
collection, which was grown from seed, were trans- 
plants taken by Drs. Clausen, Keck, and Hiesev, 
and Mr. Malcolm Nobs. All are referable to ssp. 
genuina and are listed below by culture number. 

3301 — Skaralid, Skane, southern Sweden, at 56° 
N. Lat., in mixed deciduous forest of Fagus sil- 
vatica L., Quercus Robur L., Betula and Alnus, 
along brook in deep basaltic ravine. 

3302 — Ruotsinkyla, north of Helsinki, southern 
Finland, at 60° 10' N. Lat., in mixed lowland 
forest of Betula pubescens Ehrh. and Picea 
Abies (L.) Karst. (P. eoccelsa Link), along a 
ditch in sandy soil. 

3303 — South of Abisko, Lapland, Sweden, at 68° 
20' N. Lat. and 1,300 feet altitude, along streams 
and in boggy places in forest of Betula tortuosa 
Ledeb. and at the northern limits of Pinus sti- 
ves tr is L. 

3315—1 and ~2— Slate Creek Valley (Timberline 
transplant station). Mono County, California, in 
the Sierra Nevada at 10,000 feet altitude, in an 
open wet meadow with alpine vegetation. 
3315-11, —14, and -15 — Tenaya Lake, Yosemite 
National Park, Mariposa County, California, at 


8,200 feet altitude, on a meadow slope surrounded 
by Pinus Murray ana Balf. 

3315—21, —22, —23, and —24 — Yosemite Creek, Yo- 
semite National Park, Mariposa County, at 7,200 
feet altitude, in a dry bed of a creek under Pinus 
Murrayana . 

3315—31, -32, and -33 — East of Carnelian Bay, 
Lake Tahoe, California, at 6,225 feet altitude, 
on boggy edges of a pond. 

3350 -Big Lagoon, Humboldt County, California, 
at high tide level on the sandy shore, and also in 
clay mud. 

Seedlings and transplants from these collections 
were first grown in the Stanford garden of the Car- 
negie Institution. From each of the seedling cul- 
tures a small number of individuals were immedi- 
ately set apart for clonal division before any dif- 
ferences could be seen that would influence the 
selection. These and the transplants were eventu- 
ally divided, and the resulting divisions, when 
strong enough, were placed in the climatic gardens 
at Stanford, Mather, and Timberline. Each indi- 
vidual was thus grown simultaneously in three envi- 
ronments. In some eases replantings were necessary 
on account of accidental death. 

The Division of Plant Biology of the Carnegie 
Institution of Washington maintains three trans- 
plant stations in California at different altitudes 
and in contrasting climates. The environment of 
each of these is briefly characterized below, but for 
a fuller account of these stations the reader is re- 
ferred to “Experimental studies on the nature of 
species, I” by Clausen, Keck, and Hiesey (1940). 

Stanford Interstation Garden. — Elevation 30 m. 
(100 ft.). Located at the central laboratory of the 
Division on the Stanford University campus. The 
climate supports an oak-savanna association climax. 
For many species the conditions are favorable for 
growth almost the year around. Snows are absent, 
though frosts may occur from early November to 
the middle of March. With rare exceptions the 
rains are limited to the winter and spring seasons, 
and the summers and falls are dry so that irrigation 
is necessary at periodic intervals in order to main- 
tain satisfactory growing conditions comparable to. 
those at Mather and Timberline. 

Mather Interstation Garden. — Elevation 1,400 
m. (4,600 ft.). Located at Mather, Tuolumne Coun- 
ty, on the west dank of the Sierra Nevada. The 
climate is indicated by the California black oak — 
ponderosa pine— incense cedar — manzanita climax 
association ( Quercus Kelloggii Newb. — Pinus pon- 
derosa Dough — Libocedrus decurrens Torr. — -Arc- 
tostaphylos spp.). Spring begins about April 1, 
when most of the snow has melted, though frosts 
often continue until early June. The summers are 
mild and characterized by hot days and cool nights 
with no rain. Snows may be expected between Oc- 
tober and April, with minor falls occurring into 
May. The garden is in a moist meadow, but irriga- 
tion is necessary at times, especially for young 
plants during the latter part of the summer. 
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Timberline Interstation Garde n. — Elevation 
3,050 m. (10,000 ft.). Located in Slate Creek Val- 
ley, Mono County, at the east base of Mt. Conness, 
just east of the crest of the Sierra Nevada. The 
climate is subalpine to alpine, the valley being sur- 
rounded by high ridges and peaks rising to 11,200 
and 12,550 feet. Small glaciers occur on protected 
slopes of the highest peaks, while snow banks per- 
sist well past mid-summer. The garden is situated 
in an alpine meadow on the valley floor from which 
snows do not usually melt until the latter part of 
June, which leaves a growing season of three 
months or less. Winter snows may accumulate to a 
depth of 12 to 18 feet. Surrounding the garden 
meadow is a subalpine mixed association of Mur- 
ray pine ( P . Murrayana Balf.) on the south-facing 
slopes and of white-bark pine (P. albicaulis En- 
gelm.) on the northern slopes and less exposed 
ridges. 

These three gardens are sometimes referred to 
as climatic stations, or altitudinal transplant gar- 
dens. It is recognized that some difference in soil 
moisture, texture, and mineral content occur in the 
three gardens. The soil at Timberline is a youthful 
granitic loam of light texture, which in meadows is 
moist throughout the growing season. At Mather 
the soil is also a loose granitic loam that in summer 
becomes dry and hot near the surface but remains 
moist lower down. At Stanford the soil is a heavy 
clay loam that dries out and bakes during the sum- 
mer unless irrigated and tilled. These different soils 
at the stations tend to reflect the climatic conditions 
under which they have been formed. 

Experimental procedure. — These experiments 
have been planned and carried forward as a part of 
the investigations into the nature of species by Drs. 
Clausen, Keck, Hiesey, and Martin (1942). An- 
nual records of them have been kept from 1939- 
1943 inclusive. Observations were made on the fol- 
lowing characters: general vigor, including height 
of tallest stems, number of flowering stems, and 
cover-diameter of vegetative plant; date of first 
flowers; date of first ripe seed; frost resistance; 
disease injury; survival; and other descriptive char- 
acteristics such as presence of anthocyanin, and the 
occurrence of vegetative apogamy (vivipary). 

In most cases the taking of first measurements 
was delayed from one to two years after transfer- 
ring to the gardens. This allowed for establishment 
of the plant. Any measurement of growth may be 
utilized to indicate the inherited differences be- 
tween individuals and races grown under uniform 
conditions, or to determine the effect of different 
environments on one individual through its clone 
members. In any one uniform environment, the be- 
havior of individuals of one race forms a race- 
pattern (fig. 5 and 8). Similarly, the behavior of 
members of one clone in different climates (fig. 6 
and 7) has been called a reaction-pattern (Clausen, 
Keck, and Hiesey, 1940). Ecotypes differ both in 
reaction-pattern and race-pattern. 

Reaction- and race-patterns are derived from in- 


dividual records of growth performance and stages 
of development completed annually. Fundamentally 
these are both expressions of the genetical and 
physiological capacity of an individual or a race in 
all forms of vegetative and reproductive growth. 

Seedling populations. — When very few indi- 
viduals from a natural population are used as the 
basis for experimental deductions, the question 
arises as to the homogeneity of the population or 
as to the nature and extent of the variation within 
it. Accordingly, the transplant individuals were 
supplemented by seedling materials grown in the 
Stanford garden of the six populations from Big 
Lagoon, Yosemite Creek, Tenaya Lake, Finland, 
southern Sweden, and Lapland. 

The Big Lagoon population showed outstanding 
uniformity. All of the 27 individuals flowered an- 
nually. The height of each was measured in 1940 
and 1941, and it was greater than the height of the 
population in its native habitat. The number of 
individuals in each stem height-class is shown in 
figure 5. It will be seen that these curves closely 
resemble the normal biological curve which would 
be expected from data derived from much larger 
samples. 

The populations from Finland and southern 
Sweden consisted of 35 individuals each. A com- 
parison of their growth curves (fig. 5) shows that 
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Fig. 5. Graphs illustrating frequency distribution of 
height in three seedling populations of Deschampsia 
caespitosa in a uniform garden at Stanford. 

the tallest plants of the European races barely ex- 
ceed the shortest of the Big Lagoon population. 
This indicates a genetic difference between these 
races. On the other hand, the genetic similarity in 
height of the two European races is shown by the 
close resemblance of their curves of variation for 
the two years. Of the 35 plants from southern 
Sweden, 25 flowered in 1938 and 28 in 1941. By 
1941 four plants had died. Of the 35 individuals 
from Finland, 20 flowered in 1938 and 15 in 1941. 

The population from Lapland consisted of ten 
plants, two of which were set aside for the trans- 
plant experiments. Of the remaining eight only two 
produced flower stalks, one of which was consist- 
ently proliferous (viviparous). More than 31 de- 
grees of latitude intervene between the home of 
this strain north of the Arctic Circle and the gar- 
den at Stanford. That plants from Lapland, Fin- 
land, and southern Sweden are able to grow and 
flower in a climate so very different is rather re- 
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Table X. Height in cm. of culms in native habitats and at Stanford . 

Race 

Southern Southern Big Lagoon, 

Year Lapland Finland Sweden California 

In native habitat 1936 78.5 82 92.5 

1938 18 . 42-80 22-74 

(1 plant) 

At Stanford 1941 31-42 32.5-77.5 22.5-77.5 

(2 plants) 


markable. It indicates a wide range of physiologi- 
cal tolerance and, when compared with the native 
Big Lagoon race, shows differences of an ecotypie 
character. 

A comparison of the heights of the tallest flower- 
ing stems for the four populations is shown in table 
1. The effect of cultivation and of the Stanford 
climate as compared with that of the native habitat 
has been to reduce the height of all the European 
races and to increase that of the Big Lagoon race. 
A comparison of vigor, height, floriferousness, and 
survival shows striking differences between races 
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Origin . 

Lapland 
68°2l'N.Lat. 
1400 ft. 

Finland 

60°12 ’N.Lat. 
near sea level 

South, Sweden 
56° N.Lat. 
near sea level 

Big Lagoon 
41°8' N.Lat. 
sea level 

Lake Tahoe 
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Yosemite Greek 
37°5o' N.Lat. 
7200 ft. 

Tenaya Lake 
37 0 so’ N.Lat. 
8200 ft. 

Timberline 
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from widely separated geographic areas having 
distinct climates. The two strains most alike are the 
ones from southern Sweden and Finland. 

Sixty seedlings of the mid-altitude Sierran races 
from Yosemite Creek and Tenaya Lake were also 
set in the garden at Stanford, but they grew much 
more slowly than the other races, became attacked 
by rust, and soon died. Only 24 and 10, respective- 
ly, survived the first summer, after which the gaps 
were filled by new plants. In the following spring 
21 and 15, respectively, were still alive, but only 
two of these flowered, and all died before the next 


62 

87.5- 127.5 
(1940) 

72.5- 122.5 


Fig. 6. Mean heights of plants of Deschampsia caespitosa at the three transplant stations. The arrowhead on 
certain columns at Timberline signifies that these individuals did not reach maturity any year. 
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spring. On the background of this poor survival 
record of the Sierran races, the performance of 
those from northern Europe is the more impressive. 

Transplant experiments. — Two to four indi- 
viduals from each habitat were divided and later 
transferred to the three climatic gardens. Being 
from one individual such divisions are genetically 
identical, so that any differences in the growth and 
behavior between them in the different environ- 
ments represent phenotypic modifications. On the 
other hand, differences between individuals grown 
in the same environment represent genetic varia- 
tion. These principles are basic to any experimental 
study of ecotypes. Height, date of first flowers, 
number of flowering stems, cover-diameter of the 
vegetative plant, and resistance to disease have 
been used as indices of ecotypic difference. 

Height of tallest stems. — Figure 6 shows the 
mean heights of flowering stems for each individual 
at each station. The Big Lagoon race from the 
northern California coast is the most consistent in 
developing culms at all three altitudes. Its tallest 
stems are at Stanford, they are somewhat reduced 
at Mather, and they do not mature in the alpine 
climate at Timberline. The alpine race is taller at 
Timberline in its native environment, shorter at 
Mather, and it fails to survive at Stanford. The 
mid-Sierran races from Lake Tahoe, Yosemite 
Creek, and Tenaya Lake do not reach maturity at 
Timberline and survive poorly at the other sta- 
tions, especially at Stanford, but they tend to be 
tallest at Mather. The Lapland, Finland, and South 
•5$. Sweden races survive at all three stations, but they 

are not very floriferous at Stanford, which makes 
m measurement of stem height uncertain there. They 

pi; tend to be tallest at Mather, with Stanford next, 

and only in the most favorable years do their stems 
attain full development at Timberline. The Lap- 
land race is slightly shorter than the others. The 
short stem at Mather of 8301-2 from southern 
Sweden is probably accidental, for this plant did 
not establish itself there but died the second year 
and was never reset. 

Using height as a criterion one finds striking 
differences in behavior in these geographic races. 
. This is accentuated when one considers the reac- 
tions of each race in all three climates. But even at 
one station race differences stand out. At Stanford 
the Big Lagoon race is distinctly the tallest, at 
Mather the Lake Tahoe race is slightly the tallest, 
and at Timberline the native race from there excels 
the others. Each of these races is the one that in the 
altitude of its native habitat most closely corre- 
sponds to that of the station where it surpasses the 
others. 

Number of flowering stems. — Different environ- 
ments affect very profoundly the number of flow- 
ering stems per plant. The Big Lagoon race has 
many more stems at Stanford than at the other sta- 
tions. The European races tend to have most stems 
at Mather, and the Timberline race is most florifer- 
ous at the alpine station, where the number of stems 


has increased from year to year. Apparently anv 
measurement of growth, as shown by these experi- 
ments, leads to similar results; for the data show 
that a correlation exists between the number of 
stems, their height, and the cover-diameter of the 
vegetative plant. 

Cover-diameter. — This refers to the greatest 
diameter of the vegetative plant and is a partial ex- 
pression of the vegetative shoot- and leaf-length. 
Cover as an ecological index is usually expressed in 
area (Braun-Blanquet, 1932), which is a function 
of the diameter. Cover has been applied chiefly to 
the role of species in the community. 

Measurements of cover-diameter show, as did the 
number of flowering stems and their heights, that 
the Big Lagoon race is consistently largest at Stan- 
ford and smallest at Timberline, as one would ex- 
pect. Likewise as to these measurements the Euro- 
pean races are usually largest at Mather and second 
best in the Stanford environment. The Lake Tahoe 
race had approximately the same cover-diameter at 
Stanford and Mather, but was much reduced at 
Timberline. However, this plant will survive at 
Timberline and not at Stanford. These observations 
show that when geographic races are brought to- 
gether and grown under uniform conditions they 
exhibit distinct physiological characteristics, which 
are based on genetic differences. Using cover- 
diameter as a criterion, no two geographic races, 
show the same reaction-pattern. 

Growth correlations. — A similarity in the growth- 
patterns of individuals of Deschampsia caespitosa 
is revealed by measurements of (a) height of tall- 
est stems, (b) number of flowering stems, and (c) 
cover-diameter of the vegetative plant. All of 
these are growth expressions of vigor. If the vigor 
of a plant is a characteristic of the whole organ- 
ism, it may be expected to affect its parts propor- 
tionally. These experiments show that the growth- 
patterns are similar, although not identical, for 
all three methods of measurement. For instance, 
plant 3350-1 from Big Lagoon produced the tall- 
est stems at Stanford, the intermediate at Mather, 
and the shortest at Timberline, and the same re- 
action-pattern was found when growth was meas- 
ured by number of flowering stems and by cover- 
diameter. Nearly all the individuals in the experi- 
ment would afford equally good examples of this 
correlation. 

Vigor . — Certain quantitative methods of meas- 
uring vigor have been presented above. It is sig- 
nificant to add that the subjective estimates of 
vigor made by different persons in different years 
and seasons at the three gardens show a remark- 
able agreement with the quantitative measure- 
ments. Vigor was estimated by recording the plant 
as barely alive, weak, fairly strong, strong, very 
strong, vigorous, and very vigorous. At Stanford 
the Big Lagoon race is the most vigorous while 
the Sierran races are least so. The Big Lagoon 
plants (fig. 7) show a consistent reduction in vigor 
from low to high altitude while, in contrast, the 



Fig. 7. Modifications at three altitudes in a done of the Finland race (upper) and in a clone of the Big Lagoon 
race from the California coast (lower). 

Timberline race shows an increase. The other the native race. The northern European races are 

Sierran forms, though generally weak at lower distinctly strongest at Mather (fig. 7). 

altitudes, are intermediate, for the Lake Tahoe Considering the racial differences as shown at 
race is most vigorous at mid-altitude, whereas any one station, we find that at Timberline, among 

those from Yosemite Creek and Tenaya Lake are the races from California, the plants from high 

strongest and most consistent in behavior at Tim- altitude are the most vigorous, the vigor decreas- 

berline, although they are less vigorous there than ing with the original altitude of the races (fig. 8). 


Fig. 8. Racial differences at one altitude as shown by plants from Big Lagoon (sea level), Tenaya Lake (8200 
feet), and Timberline (10,000 feet), respectively, growing at Timberline. 
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STANFORD MATHER TIMBERLINE 

EL, 30 m. EL, 1400m. EL. 3050m. 


Fig. 9. Modifications in date of first flowers in clones 
of California races of Deschampsm caespitosa grown at 
three altitudes. 

In contrast, the same plants at Stanford show a 
decrease in vigor following the increase in alti- 
tude of their original habitats. For these reasons 
it may be concluded that vigor, as measured by the 
standards above, is a genetic characteristic of geo- 
graphic and climatic races; that it is subject to 
environmental modification; and that races differ 
in their patterns of modification. 

Earliness . — Similarly, earliness is a genetic 
characteristic subject to environmental modifica- 
tion. It is important for survival in climates with 
short growing seasons. This could easily be tested 
in the three critical environments of the climatic 
gardens. The growing season at Stanford is ter- 
minated by drought and high transpiration, and at 
Timberline by early frosts. That the length of 
growing season is a critical factor at Timberline 
is shown by the ripening of seeds in favorable 
years on individuals that ordinarily fail to do so. 

Figures 9 and 10 show the mean dates of first 
flowers for the 21 individuals at each climatic 
garden. Considering the reactions of an individual 
race, it will be noted that in every case the date 
of first flowers is delayed with rising altitude of 
the environment in which the plant is grown, ex- 
cept for the Lapland race, which flowers errati- 
cally at Stanford. The Timberline race is the 


earliest at the mountain stations and at Timber- 
line it flowers approximately one month ahead of 
any other, maturing seed almost every year (see 
fig. 11). The other races differ only slightly in 
earliness at Timberline, usually not flowering be- 
fore mid-September or later. The subalpine forms 
from Tenaya Lake and Yosemite Creek are con- 
sistently later than the Timberline race, but they 
are slightly earlier than the transplants from 
Lake Tahoe. The coastal race from Big Lagoon 
is very consistent at all three stations in its time 
of flowering and, at Mather and Timberline, cor- 
responds to the earliest subalpines. 

In the European races there is a great spread 
at Mather, with the subarctic form from Lapland 
two to three weeks earlier than any other and 
comparable with the Timber line race. It is also 
earlier than the others at Timberline, but insuffi- 
ciently so to permit it to ripen seed there in other 
than the most favorable years. 

Floriferousness . — Figure 11 is a graphic pres- 
entation of the record of flowering and survival 
for each of the 21 individuals included in these 
experiments. Failure to flower characterizes cer- 
tain individuals and races at Stanford and is sup- 
posedly an indication of lack of harmony between 
the plant and the climate. The only race uniform- 
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Fig. 11. Record of survival and flowering of clones of D. caespitosa at three altitudes. 


ly floriferous at all stations is the one from Big 
Lagoon., for it flowered regularly even at Timber- 
line, although it is not known to have produced 
ripe seed there. 

The performance of the European races at 
Stanford is very erratic as compared with those 
from California. One individual of the Lapland 
race and one from Finland never flowered at 
Stanford. In fact, only three of the ten original 
seedlings from Lapland ever flowered at Stan- 
ford, and this Finnish plant bloomed only in the 
fourth and fifth years at Mather, and in the sec- 
ond and fourth years at Timberline. Performance 
of the Lapland individuals was best at Mather, 
although one died after two seasons, but both ma- 
tured seed in favorable years at Timberline. Both 
plants from southern Sweden and one from Fin- 
land produced ripe seed at all three stations. Other 
experiments with inter-continental transplants 
substantiate the fact that individuals far removed 
climatically from their native habitat are more 
erratic in their flowering than forms grown in or 
near their original climate. The erratic flowering 
of the European Deschampsias is apparently due 
to individual genetic differences, which may not 
come to expression in their native environment, 
but are very important in the radically different 
California lowland climate. 

Survival and vitality . — -Survival of the individual 
and of the race depends upon the sum total of all 
inherent characters which determine fitness to the 
environment throughout the period of vegetative 
establishment and fruitfulness. Earliness, florifer- 
ousness, and susceptibility to disease and frost are 
but a few of the characters affecting survival. Here 


survival is measured by the time interval during 
which an individual persists in a given environment. 
It is distinct from vitality as used by Braun-Blan- 
quet (1932). Vitality is the capacity of the organ- 
ism for a certain degree of continued growth and to 
tolerate adverse conditions through a period of 
time. 

The following stages of development attained by 
the end of the growing season have been used as 
indicators of the degree of vitality: (a) vegetative 
growth only, (b) flowers or unripe seeds, and (c) 
ripe seeds. The data are graphically presented in 
figure 11. 

Considering first the native California forms, the 
Big Lagoon race has a remarkable survival record 
for a plant from the immediate coast, for it survives 
and flowers at all stations. At Timberline, all three 
individuals of it have survived for five years, but 
they have been unable to mature seed there on ac- 
count of the short season. In previous transplant 
experiments, no other species from the coast has 
been able to survive in the alpine environment so 
long. This race thrives best, however, at the low- 
land station. 

The races native to the Sierra Nevada survive 
well at the alpine station only, but the Timberline 
race is the only one able to produce ripe seed there 
every year. They have a high death rate at Stanford 
and Mather. We And, therefore, that these races 
survive best in the garden with a climate nearest ■ 
to that of their own habitats. 

The European races have a great range of toler- 
ance, for they survive fairly well at all three sta- 
tions. They are, however, not very well adapted to 
the California climates, as shown by their reduced 
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flowering, and at Timberline they ripen seed only 
in the most favorable years. Their best perform- 
ance is at Mather, the climate of which most closely 
corresponds to that of their homes. 

The degree of vitality and survival of an organ- 
ism are expressions of the heredity of the plant. 
These are useful criteria of ecotypes, directly ob- 
servable when the plants are grown in a uniform 
environment. In different environments these in- 
herent characteristics are modified. Natural selec- 
tion operates upon them, resulting in geographic 
and ecologic races. Sometimes these are correlated 
with recognizable morphological characters, or 
again, as in Deschampsia caespitosa , it is impossible 
to distinguish the ecotypes by morphology. For this 
reason, ecotype populations in' this genus must re- 
main for the present as experimental categories 
only. 

Frost injury. — All the races of Deschampsia 
caespitosa investigated are very frost hardy. Only 
the individuals from Big Lagoon are slightly sus- 
ceptible, but even this coastal race showed very 
little injury after severe frosts at 10,000 feet alti- 
tude. The frost hardiness of this species enables 
some of its races to mature seed at Timberline even 
when they flower fairly late. 

Rust injury. — When grown at Stanford, all indi- 
viduals from the Sierra Nevada die from the effects 
of plant rust disease, but all the European races 
and the one from Big Lagoon are resistant to it and 
survive there. When grown at Mather and Timber- 
line, the Sierran races are free from rust. This has 
led to the suggestion that the problem of resistance 
to disease may be closely allied to the fitness of the 
plant for the climate in which it is being grown 
(Clausen, Keck, Hiesey, and Martin, 1942). 

Other characteristics. — Some observations are 
available on the presence of anthocyanin and vege- 
tative apomixis. In 19 of the 21 individuals in these 
experiments anthocyanin was present, varying from 
only a trace of purple color to dark purple. There is 
a general tendency for an increase in intensity of 
pigment when the plants are grown at high alti- 
tude, and even the greenish forms become purple 
at Timberline, 

Vegetative apomixis, a term proposed by Steb- 
bins (1941), has been called vivipary by many 
writers, especially in Europe. The same phenom- 
enon is also referred to as proliferation. It is not of 
common occurrence among native grasses in the 
United States, though instances have been reported. 
It is more common in arctic and subarctic regions, 
and in northern alpine situations. Certain genera, 
such as Festuca, Poa , and others, are well known 
vegetatively apomitic grasses. Deschampsia alpina 
(L.) R. & S., as previously mentioned, is exclusive- 
ly viviparous and marked by a much higher chro- 
mosome number than D. caespitosa, which does not 
occur so far north. Deschampsia caespitosa is gen- 
erally sexual even in northern climates, although 
Hitchcock (1935) states that it is occasionally pro- 
liferous. An instance of vegetative apomixis was 


accidentally produced by Jenkin (1922), when 
caespitosa was grown under abnormal greenhouse 
conditions. 

The seeds from Lapland, Finland, and southern 
Sweden were secured from sexual populations. 
Nevertheless, when grown at Mather and Stanford, 
all six European transplant individuals have been 
viviparous, especially towards the end of the sea- 
son. In certain plants almost all the florets devel- 
oped into green bulblets that spectacularly weighed 
down the panicles. The degree of proliferation 
varied somewhat from year to year, but 3301-1, 
3302-1, and 3303-4 were always viviparous to a 
much higher degree than the others. Under the 
alpine conditions at Timberline a trace of vivipary 
was found in 3303-4 in one year, but the others 
were purely sexual there. At this high altitude the 
season is probably too short for this character to 
express itself. None of the races from California 
have shown this tendency except the alpine one, 
which one year in the late fall developed a few 
bulblets in a greenhouse at Stanford. Since none of 
the races was viviparous in Europe, and only some 
became distinctly so in California, it is concluded 
that this form of vegetative apomixis must be pro- 
duced by the interaction of heredity and environ- 
ment. 

Bulblets obtained at Mather from the very vivi- 
parous Finnish plant, 3302-1, developed into new 
plants. These had the same chromosome number as 
their parent, so vegetative apomixis in D. caespi- 
tosa is not accompanied by an increase in chromo- 
some number to make this conspeeific with its arctic 
relative, D. alpina. 

Ecotypes of Deschampsia caespitosa. — As pre- 
viously stated, this study is based upon collections 
from eight localities in five distinct climates: sub- 
arctic in Lapland; continental cool temperate in 
Finland and southern Sweden; maritime temperate 
along the coast of northern California; continental 
montane, and continental alpine in the central Sier- 
ra Nevada. Even in a species so widely distributed 
as this one, the local races utilized in these experi- 
ments are unusually representative. They have been 
tested in three distinct climates: continental -low- 
land at Stanford, montane at Mather, and alpine at 
Timberline. From the results of these investigations 
at least five climatic ecotypes appear to be repre- 
sented, and in the species as a whole more are to 
be expected. Except for an untested rare form from 
dry hillsides in Denmark, no data are available on 
the existence of edaphic ecotypes in this species. 

These five climatic ecotypes are referred to as 
(1) a coastal ecotype of western North America, 
represented by the Big Lagoon race; (2) an upper 
(cool) montane or subalpine Sierran ecotype, rep- 
resented by the Tenaya Lake, Yosemite Creek, and 
possibly the Lake Tahoe races; (3) an alpine Sier- 
ran ecotype, represented by the Timberline race 
from Slate Creek Valley; (4) a cold temperate eco- 
type of northern Europe, represented by the races 
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from Finland and southern Sweden; and (5) a sub- 
arctic ecotype, represented by the Lapland race. 

1. Coastal ecotype of western North America.— 
The Big Lagoon race, which represents this eco- 
type, came from the Humid-Transition life-zone, 
which in northern California is characterized by 
the Sequoia sempervirens — Pseudotsuga taxifolia as- 
sociation. This race grows tallest and develops most 
flowering stems at Stanford, the climate of which 
most nearly approaches that to which it is native. 
It survives and flowers at all three stations, but has 
been unable to mature seed at Timberline. It has 
become gradually weakened during the five years it 
has persisted at this high elevation, where it is the 
only race at all frost-susceptible. 

2. Upper montane Sierran ecotype . — This is ten- 
tatively recognized as including the Tenaya Lake 
(8,200 ft. altitude) and Yosemite Creek (7,200 ft.) 
races, and possibly the one from Lake Tahoe (6,225 
ft.). The three were collected in the Canadian and 
Hudsonian life-zones in close proximity to Pinus 
Murrayana Balf., a species that occurs in both 
zones, although an altitude difference of 2,000 feet 
in this area presents changes in plant community 
composition. That these three races of Deschamp - 
sia show only slight differences in reaction-pattern 
may be due to the relatively narrow range of soil 
moisture tolerance in this species. The close asso- 
ciation with Pinus Murrayana as a uniting species 
may indicate a similarity in the habitat. 

The upper montane Sierran ecotype develops 
very poorly at Stanford, where all individuals be- 
come attacked by rust and die, and it scarcely sur- 
vives better at Mather. At the alpine station, how- 
ever, all of its individuals succeed and flower, al- 
though they usually flower too late for develop- 
ment of seed. 

There are apparent differences between the races 
in this ecotype, for the Lake Tahoe plants are 
weaker at Timberline and slightly stronger at 
Mather than the others. Nevertheless, ecotypes are 
made up of smaller population units. Sinskaia 
(1931) refers to these as ecoelements, or elemen- 
tary ecotypes, though it is a question whether addi- 
tional terminology for populations within the eco- 
type can serve any practical purpose in field 
ecology. 

3. Alpine Sierran ecotype. — The Timberline race, 
which represents this ecotype, came from the Alpine 
life-zone at the upper boundary of the Hudsonian 
in the high Sierra Nevada and occurs characteris- 
tically in the alpine grassland surrounding the Tim- 
berline transplant garden. 

This ecotype resembles the upper montane Sier- 
ran one in most of its characteristics, except that it 
flowers much earlier. At Timberline it is approxi- 
mately one month earlier than the earliest of the 
upper montane races. At Mather it is also earlier, 
although only by two or three weeks. At the alpine 
station its flowering stems are the tallest of all eco- 
types (fig. 6), although they come from plants with 
a smaller cover-diameter. 


The Timberline and Big Lagoon races are eco- 
typical opposites. Their original habitats are in al- 
pine and maritime climates, respectively, with an 
altitude difference of 10,000 feet. Their reaction- 
patterns are directly reversed, for the Timberline 
individuals fail completely at Stanford, eventually 
die at Mather, but survive indefinitely and are very 
vigorous in their native alpine environment. 

4. Cold temperate ecotype of northern Europe , 
represented by the Finland and southern Sweden 
races. The seeds of both of these races came from 
the mixed northern European forest. The southern 
Sweden form was collected in a beech wood in the 
northern part of the range of Fagus silvatica L. 
The Finnish form was collected in a mixed forest 
of Norway spruce ( Picea Abies (L.) Karst.) and 
the moor birch ( Betula pubescens Ehrh.), 

All the races from northern Europe, including 
the one from Lapland, develop most vigorously at 
the mid-altitude station at Mather, unlike any Cali- 
fornia race. The populations from southern Sweden 
and Finland show no conspicuous differences in re- 
actions, The minor differences noted are not sur- 
prising in the light of their geographic separation. 
They are only moderately floriferous at Stanford, 
more so at the mountain stations, but they are usu- 
ally unable to mature seed at Timberline. In earli- 
ness they compare with the upper montane Sierran 
races, but unlike them they are resistant to rust and 
survive at Mather and Stanford. 

5. Subarctic ecotype 9 as represented by the Lap- 
land race. This race came from north of the Arctic 
Circle near the border of the subarctic and arctic 
climates. It was associated with the mountain birch, 
Betula tortuosa Ledeb., at the northern and alti- 
tudinal limit of the coniferous forest in Swedish 
Lapland. 

At the mid-altitude station this race is almost as 
early as the alpine Sierran one, and its first flowers 
appear there from three to six weeks earlier than 
those of the other European races. At Timberline, 
however, it is only slightly earlier than the others 
and seldom able to mature its seed. At Stanford it 
differs from the other European races by usually 
remaining in the vegetative stage and not flowering 
at all. Only once did it flower there and then very 
late in the season. This race stands out as a distinct 
latitudinal ecotype. In its fitness for survival it is 
less specialized than the alpine Sierran ecotype, 
the native habitat of which has a growing season 
considerably shorter than that of Lapland. 

Morphologically, all of the ecotypes listed above 
belong to D. caespitosa ssp. genuina, but ecologi- 
cally they represent units as diverse as the climates 
they occupy and the species with which they asso- 
ciate. Here is one subspecies that has developed 
races able to grow in climates as different as those 
of the mild California coastal zone near the red- 
woods, the high alpine grasslands of the Sierra 
Nevada, and the subarctic forests of Lapland. A 
species of such wide tolerance is not a good ecologic 
indicator, but its ecotypes are. The basic ecologic 
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unit is therefore not the taxonomic species or sub- 
species but the ecotype. 

The ecologic effects of high latitude and of high 
elevations at lower latitudes are often assumed to 
be more or less similar. This has been supported by 
the fact that circumpolar and arctic species often 
extend far south in the high mountains. In the 
environs of the Timberline station are found, for 
example, such characteristic far northern species 
as Phleum alpinum L ., Trisetum spicatum (L.) 
Richt., Luzula spicata { L.) DC., Oxyria digyna 
(L.) Hill, Rhodiola rosea L., Sibbaldia procumbens 
L., and Veronica alpina L. It is therefore worth 
noting that the alpine Sierran and the subarctic 
Lapland races of Deschampsia caespitosa, which in 
their native environments grow near these species, 
react very differently and so belong to distinct eco- 
types that are not closely related ecologically. This 
should have been expected, because the Sierran al- 
pine climate has a considerably shorter summer and 
also a much shorter day during the growing period 
than the Lapland climate. For these reasons it may 
be expected that species like those mentioned above 
also have ecotypes in the Sierra Nevada distinct 
from those in the far north. 

Nature of ecotypes. — Ecotypes are race com- 
plexes of one species that are fitted to live in an 
environmental zone or niche. The real nature of 
ecotypes is undefinable, because as yet we do not 
know how any one of them has evolved. The fitness 
of an ecotype to its natural environment, however, 
appears to depend upon the interplay between com- 
plexes of hereditary and environmental factors, 
rather than upon any single factor. Depending up- 
on the ecological factors primarily responsible for 
their development, different kinds of ecotypes arise. 

Furthermore, the multitudinous relationships of 
an ecotype are not fixed but are continually chang- 
ing, and we are faced with organic evolution taking 
place in an ever-changing environment. The eco- 
types represent the final stage of adaptive evolu- 
tion within the species, if we define the species as 
populations, the individuals of which can interbreed 
freely. Sensing this complexity in relationships, we 
seek simplification through classification of eco- 
types and other biological units, only to discover 
that thereby we have multiplied the complexity. 

Fundamentally the ecotype is not a taxonomic 
unit. This is perfectly illustrated by the situation 
in Deschampsia caespitosa , for the evolution and 
distribution of its taxonomic variants appear to be 
entirely independent of any ecotypic adaptation. 
Although a careful study of the distribution of the 
morphologic variants might have suggested such 
lack of relation between morphologic and ecotypic 
characteristics, it could never have been proved 
except by growing the plants in a uniform environ- 
ment or in sets of such environments. Any correla- 
tions between this kind of morphological character 
and the physiological are largely incidental, de- 
pending upon gene linkage. 


Ecotypes of one species are often contiguous in 
distribution, and a series of such ecotypes may re- 
place one another over a given area. They are capa- 
ble of free interbreeding, and hybrid recombina- 
tions may therefore be found where adjacent eco- 
types meet. Some infusion of genes from neighbor- 
ing ecotypes unquestionably takes place, but at 
some distance from the zone of contact the majority 
of the individuals in the local populations remain 
true to the ecotype of that area. It is apparent that 
it is the fitness of an ecotype to a particular envi- 
ronment that keeps it in place and, through natural 
selection, controls the spread of it and its hybrids. 

The selective agencies should therefore deter- 
mine any natural classification of ecotypes. Unfor- 
tunately but little is known about the operation of 
these determining factors. Theoretically there could 
be as many kinds of ecotypes as there are ecological 
factors operating in natural selection. Four general 
kinds of ecotypes have already been recognized and 
more or less supported by confirming experiments : 

1. Climatic ecotype (Turesson, 1935) 

Synonym: climatype (Sinskaia, 1938, 1931) 

2. Edaphic ecotype (Sinskaia, 1928; Gregor, 1942) 

3. Biotic ecotype (Sinskaia, 1931) 

a. Synecotype (Sinskaia, 1931) 

b. Agroecotype (Gregor, 1938) 

4. Geographic ecotype 

Synonyms: seclusion type (Turesson, 192T) 
geoecotype (Gregor, 1931) 

The existence of climatic and biotic ecotypes is 
well established through many studies. The edaphi- 
cally separated forms are often closely related eco- 
species, rather than ecotypes, that is, they have in- 
ternal, partial barriers to interbreeding in addition 
to those imposed by the environment. Although less 
common than the others, a few apparently good 
examples of edaphic ecotypes are on record. 

The geographic ecotypes or seclusion types owe 
their distinctness to physical barriers against the 
free migration of genes, or to peculiarities in the 
distribution of genes. In this respect they are re- 
lated to the geographical subspecies based on mor- 
phology. In cases where such units are correlated 
with climate or soils, they belong with the climatic 
or edaphic categories. If no special correlation to 
the environment exists, it is a question whether 
forms separated by mere distance constitute eco- 
types in the real sense of the word. 

Importance of the ecotype concept in ecolo- 
gy. — During the past two decades evidence has 
been accumulating to show that the species is not 
the basic population unit most definitely related to 
the environment. The ecotype and not the whole 
species is the basic ecologic unit. The discovery that 
species occupying more than one major environ- 
mental zone, or niche, are composed of ecotypes has 
brought to emphatic realization the ecologically 
heterogeneous nature of the morphological or tax- 
onomic species. The survival of Deschampsia caes- 
pitosa in any one of the environments it occupies 
depends not upon the length of its awns or glumes 
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but upon its physiological fitness to that environ- 
I ment, and this fitness is part of its inheritance. 

The ecologic and taxonomic analyses of Z). caes- 
pitosa have strikingly shown the difference between 
the morphological and the ecological concepts, for 
one kind of unit is superimposed upon the other. 
Five ecotypes, all belonging to ssp. genuina , have 
been recognized here, and unquestionably quite a 
few more could be discovered within other climatic 
zones covered by that subspecies. Conversely, it is 
just as probable that additional investigations 
would reveal that the California coastal ecotype 
includes not only those rare forms along the coast 
classified as ssp. genuina , but also the common ones 
referred to sspp. holciformis and beringensis , for 
even members of different genera native to this 
climatic zone tend to have similar ecological reac- 
tion-patterns (Clausen, Keck, and Hiesey, 1940). 
From this it is not to be construed that members of 
the different genera, or ecospecies, belong to the 
| same ecotype. 

It is therefore worthy of emphasis that the con- 
cept of ecotype must be completely divorced from 
the morphological concept of species, subspecies, 
or other taxonomic categories. The ecotype relates 
to natural population complexes of the same eco- 
species fitted to the environment regardless of any 
morphological characteristics. The non-experimen- 
tal subspecific taxonomic categories are more or less 
arbitrarily recognized assemblages of individuals 
having similar morphological characteristics in com- 
mon. In some instances, however, ecological and 
morphological characteristics may be closely cor- 
related, as in the subspecies of Potentilla glandu- 
losa Lindl. (Clausen, Keck, and Hiesey, 1940). 

In some instances a species consists of only one 
ecotype, in which case the ecotype is synonymous 
with the taxonomic species. Such monotypic spe- 
cies occupy only one major environmental zone. In 
other cases experiments have demonstrated that the 
species consists of many ecotypes, as in Deschamp- 
sia caespitosa . Such species have a wide distribu- 
tion over many zones. If the actual relationships of 
organisms to their essential surroundings are to be 
interpreted correctly, the ecologist, the systematist, 
and the agriculturist must deal with the basic eco- 
logical unit, the ecotype. 

SUMMARY 

A study w r as made of 21 individuals representing 
eight races of Deschampsia caespitosa , clonal divi- 
sions of which were transplanted to the experiment 
stations of the Division of Plant Biology of the 
Carnegie Institution of Washington at Stanford 
University, elevation 100 feet, Mather, 4,600 feet, 
and Timberline, 10,000 feet. Those races came from 
Lapland, Finland, southern Sweden, and a climatic 
transect across California from sea level to 10,000 
feet altitude. 

All races are cytologicaliy uniform, having 2n — 
26 chromosomes. 
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All of the European races became vegeta tively 
apomictic (viviparous) in the transplant experi- 
ments, though only half of the individuals were 
strongly so. This phenomenon is not known to occur 
in the European habitats of this species, nor in the 
native California races. 

Two bases of comparison were employed. They 
show (a) individual and racial reactions in uniform 
environments, and (b) environmental influence 
when one individual is compared in different envi- 
ronments. The former reveal the inherited charac- 
teristics; the latter show the non-inherited modifi- 
cations. The plasticity of individuals and races is 
also hereditary. 

The following reactions were investigated: vigor, 
including height of tallest stems, number of flower- 
ing stems, and cover-diameter ; floriferousness, earli- 
ness, fruiting, survival, frost injury, and suscepti- 
bility to disease. 

Five ecotypes are recognized, as follows: (1) a 
coastal ecotype of western North America from the 
maritime climate of northern California; (2) an 
upper montane Sierran ecotype from the cool mon- 
tane or subalpine climate; (3) an alpine Sierran 
ecotype; (4) a cold temperate ecotype from north- 
ern Europe; and (5) a subarctic ecotype from Lap- 
land. 

All of the five ecotypes belong taxonomicallv to 
one subspecies, D. caespitosa ssp. genuina. These 
morphologically similar ecotypes are differentiated 
physiologically with the result that they fit widely 
different environments. In this species, therefore, 
physiological differentiation has been independent 
of morphological differentiation. 

Taxonomically, three subspecies are recognized 
in western North America: D. caespitosa sspp. 
genuina , beringensis , and holciformis, all of which 
have previously been considered to be independent 
species. It is pointed out that D. caespitosa var. 
maritima Vasey may prove to be a fourth subspe- 
cies on this coast, and that D. bottnica (Wahl.) 
Trin. is doubtless but a northern European sub- 
species of caespitosa. 

The individuals representing the five ecotypes 
came from climatically different areas, hence they 
may be referred to as climatic ecotypes. Their dis- 
tinctive genetic differences stand out in the com- 
parison of their growth and reproductive behavior 
in each of the three climatic gardens. For example, 
the coastal ecotype was most vigorous at Stanford, 
the Sierran ecotypes at Timberline, and the Euro- 
pean ones at Mather. 

The theory and practical application of the con- 
cept of ecotype should contribute much toward the 
solution of problems in natural and applied ecology. 
Various kinds of ecotypes are discussed. 

Department of Botany, 

Oregon State College, 
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PLANT NUTRITION IN RELATION TO DISEASE DEVELOPMENT. 
I. CABBAGE YELLOWS 1 

J. C. Walker and W. J. Hooker 


The first critical work on the relation of host 
nutrition to development of a vascular Fusarium 
disease was carried out by Neal (1927) with cotton 
wilt (Fusarium oxysporum f . vasinfectum (Atk.) 
Snyder & Hansen). In the greenhouse he secured a 
reduction of percentage of diseased plants in the 
nutrient solution which contained the highest per- 
centage of potassium. In field trials by Miles (1936) 
in Mississippi over a period of years it was shown 
that, particularly on potassium-deficient soils, high 
potash fertilizer consistently reduced the amount of 
cotton wilt. Confirmatory results in Arkansas were 
secured by Young and Tharp (1941). In both States 
it was noted that a relative increase in nitrogen 
and/ or phosphorus on potassium-deficient soil in- 

1 Received for publication January 33, 1945. 

Investigation supported jointly by the Department of 
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tion, and by the Division of Fruit and Vegetable Crops 
and Diseases, Bureau of Plant Industry, Soils and Agri- 
cultural Engineering, Agricultural Research Administra- 
tion, United States Department of Agriculture. 


creased wilt. This might have been due to the direct 
influence of these last two elements upon the dis- 
ease, or it might have been explained by the fact 
that the increases really produced a relatively great- 
er deficiency of potassium. In working with cotton 
wilt, both Miles (1936) and Young and Tharp 
(1941) pointed out the influence of environmental 
factors on the nutrition effect. Greater differences 
between nutrient levels were secured in a relatively 
susceptible variety, and the differences were smaller 
and of less significance when a highly resistant va- 
riety was used. Stoddard (1942) reported that 
muskmelon wilt ( F . oxysporum f. melonis (Leach 
& Currence) Snyder & Hansen) was increased in 
sand culture when a relatively low potassium and 
a relatively high nitrogen level were used in the 
nutrient. 

Schroeder and Walker (1942) studied the rela- 
tion of host nutrition to the development of Fusa- 
rium wilt ( F . oxysporum f. pisi (Linford) race 1 
Snyder & Hansen) of garden pea. A resistant and 
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a susceptible variety were grown in inoculated 
quartz sand maintained at 21 °C., which was near 
the optimum for the host and below the optimum for 
the pathogen, and at 27 °C. which was optimum for 
the pathogen and above the optimum for the host. 
At 21° there was no difference in disease develop- 
ment due to nutrient concentration under mid- win- 
ter conditions, when days were short and light in- 
tensity low. On longer days with higher light in- 
tensity there was a decrease in wilt development 
with increase in nutrient concentration. This was 
more marked in the susceptible variety. At 27° 
where cortical decay of the roots as well as vascu- 
lar invasion and wilt occurred, both varieties showed 
an increase in disease development, especially cor- 
tical necrosis, with increase in nutrient concentra- 
tion. In the long-day test at 27° the disease declined 
from the lowest concentration to the next higher 
concentration but increased markedly at the two 
still higher concentrations used. It was obvious in 
the study that the two distinct phases of the disease 
responded differently to host nutrition. One of these, 
vascular wilt, was that characteristically observed 
in nature; the other, cortical root decay, occurred 
particularly at optimum temperatures for the patho- 
gen and under the conditions of heavy inoculation 
in quartz sand. Only when an environment condu- 
cive to vascular wilt alone was used did increase in 
nutrient concentration progressively reduce disease 
development. This study illustrated the complexity 
which may be encountered in disease development 
when various controlled environments are used. 

The present paper is a report of a study of the 
influence of host nutrition on the development of 
another vascular Fusarium disease, cabbage yellows 
( Fusarium oxysporum f. conglutinans (Wr.) Sny- 
der & Hansen). Cabbage yellows, in common with 
other vascular Fusarium diseases, is influenced 
markedly by soil temperature. In studies of con- 
stant soil temperatures the disease has been shown 
to increase with temperature to an optimum at about 
27 °C. (Walker and Smith, 1930). Two types of 
host resistance have been defined. One of these, 
herein referred to as Type A, is inherited as a sin- 
gle-factor dominant character (Walker, 1930). It 
is expressed as complete resistance or immunity, ex- 
cept at constant soil temperatures of 26° to 28°, 
where atypical symptoms may develop but no inva- 
sion of the plant occurs except at the extremities of 
the root system (Smith and Walker, 1930; Ander- 
son and Walker, 1935). The second, herein referred 
to as Type B, is controlled by an undetermined 
number of genes (Anderson, 1933; Blank, 1937). 
It constitutes successful commercial control in some 
varieties but it is not a completely fixed character 
and increasing percentages of diseased plants occur 
with increase in soil temperature (Walker and 
Smith, 1930). It is probably comparable, in inheri- 
tance and reaction to temperature, with the type of 
Fusarium resistance which occurs in most resistant 
varieties of cotton. 


Methods. — For the purposes of this study, strains 
of the host representing extreme susceptibility, Type 
A resistance, and Type B resistance were used. For 
the susceptible host a selected line from an uncom- 
mon variety, secured under the name of Smith’s 
Pride, was used. Wisconsin Hollander was used as 
Type B resistant variety, since it had been shown to 
carry only this type of resistance (Anderson, 1933). 
Wisconsin Ballhead was used as the Type A resist- 
ant variety, since it had been developed as a homo- 
zygous line for this type of resistance (Walker and 
Blank, 1934). 

The studies were conducted in washed quartz sand 
placed in 8-inch varnished greenhouse pots and 
watered, by a continuous-drip method, with the de- 
sired nutrient. Pots were equipped with a siphon 
drain as described by Pryor (1940). The nutrient 
solutions used were the same as described by Smith 
and Walker (1941). In studies of salt concentration 
the basal solution, referred to hereafter as 1H 
(Hoagland’s solution), was reduced in concentration 
of elements to one-twentieth (0.05 H), one-tenth 
(0.1 H), and one-half (0.5H) and increased by two 
times (2H) and by three times (3H). At one or an- 
other salt concentration one of the elements was in- 
creased (N, 1.15:1 ; P, 2.0:1 ; and K, 1.28:1) ; these 
solutions are referred to herein as +N, +P, and 
-f-K, respectively. Solutions were also used in which 
either N, or P, or K was omitted; these solutions are 
referred to herein as — N, — P, and — K, respective- 
ly. In solutions with high salt concentrations NaCl 
was added so that the proportions of the major ele- 
ments could be varied without changing the total salt 
concentration. 

Seed was sown in quartz sand watered with the 
basal solution. Seedlings were transplanted two to 
three weeks later, usually 18 plants per pot. Plants 
were inoculated one to three weeks after transplant- 
ing. Two or more replicate pots were used per treat- 
ment and their position was randomized in each rep- 
licate block on the greenhouse bench. The yellows 
organism was grown on Czapek solution. The fun- 
gus mats were' filtered off, macerated in a Waring 
Blendor, and suspended in a 0.1 per cent solution of 
glucose. A 100-cc. aliquot of the fungus suspension 
was added to each pot to be infested, and equal 
amounts of 0.1 per cent glucose solution were added 
to the control pots. Two greenhouses were used, 
regulated so that the sand was maintained at ap- 
proximately 19°C. and 25°, respectively. The first 
of these was about 4° above the minimum for disease 
development and at this temperature the disease pro- 
gressed in young seedlings relatively slowly. The 
second was about 2 0 below the optimum and the dis- 
ease developed very rapidly in susceptible plants. 
Soon after the appearance of yellows in any pot, dis- 
ease records were taken at intervals of three to five 
days. Each plant was placed in one of three classes : 
(1) healthy, (2) diseased (but still alive), (3) killed 
by yellows. For each pot a disease index was calcu- 
lated for the population on a scale in which 0 repre- 
sented all plants healthy and 100 all plants dead. 
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Fig. 1. The influence of salt concentration of the nu- 
trient solution on the development of yellows in a very 
susceptible host at 19°C. and 25° C. and in a moderately 
resistant host (Type B) at 25 °C. The basal solution is indi- 
cated at 1H; 2H and 3H indicate solutions 2 and 3 times, 
respectively, the salt concentration of the basal solution; 
0..5H, 0.1 H, and 0.05H are one-half, one-tenth, and one- 


Ex peri mental results, — Salt concentration . 

Nutrient solutions varying from .05H to 3H were 
applied to susceptible, Type A resistant, and Type 
B resistant cabbage plants at 19 °C. and at 25°. The 
results of two experiments with susceptible plants 
are represented in two of the graphs in figure 1. 
At the lower temperature the disease appeared first 
and progressed most rapidly in plants supplied with 
the O.lH nutrient. Development with the 0.05 H and 
1H solution was in each case less rapid. From lH to 
3H, inclusive, there was a marked decrease in dis- 
ease with increase in concentration. At 25° all dis- 
ease curves were higher than the highest curve at 
19°. This demonstrated very clearly that tempera- 
ture was somewhat more important than nutrition in 
its effect upon disease development. Moreover, at 
25°, while the disease development curves had the 
same relation to one another, they were closer to- 
gether after 20 days than at 19°. This showed that, 
when the temperature was the more favorable for 
disease development, the influence of nutrient con- 
centration upon disease development was less evi- 
dent. 

In a second experiment at 25 °C. the infested sand 
of a previous experiment was used. The same trends 
in the disease curves were secured. The most rapid 
development was with O.lH solution; it was slightly 
less rapid at .05 H and progressively slower up to 
and including 3H. In a second experiment at 
19°C., O.lH, 0.5H, lH, 2H, and 3H solutions were 
used. Six replicate pots for each treatment were in- 
cluded. The curves assumed the same general slope 
as in the 19° experiment shown in figure 1, although 
in this experiment the disease developed more rapid- 
ly at 0.5H than at O.lH. The disease indices at 33 
days after inoculation were treated statistically by 
the analysis of variance method. The indices at O.lH 
and 1H were significantly lower than that at 0.5 H, 
while those at 2H and 3H were significantly lower 
than that at lH. 

The response of Type B resistant plants may be 
considered next. As already indicated (Walker and 
Smith, 1930), this type of host resistance is ex- 
pressed less effectively as the soil temperature in- 
creases. At 19 °C. very few of the resistant plants 
became diseased and, therefore, no measurable effect 
of nutrient could be secured. At 25° the disease de- 
veloped more rapidly but much less so than in the 
susceptible plants at 25°. The disease curves for a 
Type B resistant series at 25° are shown in figure 1. 
It was of interest to note that disease development 
curves for four of the five nutrient concentrations 
followed closely the shape of the curves for the sus- 
ceptible host at 19°. In other words, inherent Type 
B resistance in Wisconsin Hollander had about the 
same repressive effect on disease development as the 
lowering of temperature from 25° to 19° had in the 
susceptible variety. Moreover, when the rate of dis- 
ease development was retarded either by tempera- 
ture as in the susceptible host, or by inherent resist- 

twentieth, respectively, the concentration of the basal 
solution. 
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anee as in the Type B host; the effect of further re- 
ducing disease development by increasing nutrient 
concentration was greatest. When both temperature 
(19°) and inherent resistance in the Type B host 
combined to repress the disease, the effect of nutri- 
tion level upon disease development could not be 
measured. 


Table 1 . The effect of salt concentration on growth of 
uninoculated cabbage as indicated by average fresh 
weight of plant tops. 


Nutrient 

Exper. l a 

19° 

Exper. 2 

19° 

Exper. 3 a 
25° 


gm. 

gm. 

gm. 

0.05 H 

2.27 


7.10 

O.lH 

6.44 

4.49 

11.10 

0.5H 


10.11 

,22.82 

1H 

16.53 

10.15 

17.56 

2H 

19.03 

8.68 

23.23 

3H 

14.27 

7.13 

7.82 


a The disease development data from experiment 1 are 
shown in the center graph of figure 1 ; those from experi- 
ment 3 are shown in the upper graph of figure 1. 


In Type A resistant plants, as pointed out earlier 
in this paper, the yellows disease does not develop 
at soil temperature below 26 °C. It was not expected, 
therefore, that the disease would be noted in these 
experiments at 19° or at 25°, unless variation in 
nutrient concentration had a marked effect upon the 
expression of this resistance. No disease did appear, 
showing that Type A resistance is not greatly influ- 
enced by nutrient level, if at all, and establishing 
still more firmly the fact that Type A and Type B 
resistance to yellows, although phenotypically simi- 
lar in their expression under certain environmental 
conditions, are distinct physiologically as well as 
genotypically. 

It was of interest to compare the effect of salt 
concentration upon the growth of cabbage and to 
determine whether or not the retardation of disease 
was brought about by any discernible influence of 
nutrition on host plant. The uninoculated plants 


were cut at the soil level and the fresh weight of 
tops was recorded in three experiments. These are 
presented in table 1. It was found that growth in- 
creased with salt concentration from 0.05 H to 0.5H. 
The weights of plants grown with Q.5H, lH, and 2H 
solutions did not show clear-cut differences and there 
was in each experiment a decline in weight of tops 
grown with 3H solution. The pots in experiment 2 
were arranged in 4 replications so that the results 
could be submitted to analysis of variance. It was 
thus shown that no significant difference existed be- 
tween the weights at 0.5H, lH, and 2H, but that the 
weights in that group were significantly greater than 
those at O.lH and 3H. Thus there was a steady de- 
cline in disease development from 0.5H to 3H but 
a significant decline in growth only at 3H. At the 
lower end of the nutrient range there was still less 
sign of correlation betw r een disease development and 
growth of the host. In experiment 3 there was a 
steady increase in growth from .05 H to 0.5 H but 
the most rapid disease development was with the 
O.lH nutrient level. 

Salt balance. — Nutrient solutions in which either 
the N, P, or K elements were increased or omitted 
were studied in relation to disease development. The 
results of six experiments are brought together in 
table 2. In the first three experiments the suscepti- 
ble variety was grown at 19 °C. The balance was 
varied at the O.lH concentration in one experiment 
and at the 2H level in the other two. As may be ex- 
pected from the results already presented, the dis- 
ease developed more rapidly in solutions at the 0. 1 H 
level. The greatest deviation from the basal solution 
in increase of rate of disease development was in the 
— K solutions. The disease also developed more rap- 
idly in two out of three cases with the -f*N solution. 
In one case the disease developed more rapidly in 
+P than in basal but in the other two experiments 
and in all three cases in -j-K there \^ere no appre- 
ciable differences. The disease development rate was 
consistently slower in the — P solutions than in the 
basal solutions and the same was true with the — N 
solutions in two out of three experiments. When the 


Table .2. The relation of salt balance in the nutrient solution to development of yellows . 


Exper. number 1 2 3 4 5 6 

Type of host Susc. Susc. Susc. Suse. Susc. Type 

B Res, 

Temperature . . . .7” 19° 19° 19° 25° 25° 25°~~ 

Nutrient cone O.lH 2H 2H 1H 1H 1H 

Duration (days) 35 36 42 15~ W a ~T$~ 3? 32 " Average 

Nutrient balance Disease indices index 


Basal 75 40 53 67 100 62 94 41 56 

4-N 82 56 46 80 100 76 100 42 64 

— N 65 50 42 49 93 67 98 11 47 

-fP 97 39 48 95 100 82 100 36 66 

— P 68 18 41 44 88 64 100 5 40 

4-K 77 41 58 81 100 69 100 24 58 

— K 87 61 83 93 100 71 98 31 71 


i 
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susceptible variety was grown at 25 °C., the same 
trends were to be seen at 15 days as at 19° after 36 




Fig. 2. The relation of salt balance to the development 
of cabbage yellows. Effects of variations in N, P, and K, 
respectively, are shown in the three charts. The data for 
the susceptible variety at 25 ° are from experiment 4 
(table 2 ) ; for the susceptible variety at 19°, from experi- 
ment 2 ; and for the Type B resistant variety, from ex- 
periment 6 . 


to 42 days. At 32 days at 25°, however, the rapid 
progress of the disease erased most of the differ- 
ences in disease index which had been evident 
earlier. When the Type B resistant variety was 
grown in the -f- and — solutions at 19° the disease 
development was meager and no differences were 
evident. At 25°, however, some striking effects were 
observed (experiment 6). The disease was retarded 
in — N and — P solutions and in this respect results 
were similar to those at 19° with the susceptible 
variety. The disease index in — K was greater than 
in +K but both were lower than for the basal solu- 
tion. The daily trends of disease development in the 
-f- and — solutions in experiments 2, 4, and 6 are 
illustrated in figure 2. 

It was shown, therefore, that when temperature 
was optimum for the disease and inherent host re- 
sistance was lacking, variously balanced nutrient 
solutions had only a small influence upon the rate 
of disease development. When disease development 
was retarded by lowering the temperature in the 
susceptible host or by inherent Type B resistance 
at the optimum temperature, there was usually a 
decrease in disease development in — N and — P 
solutions and an increase in — K solutions. When 
low temperature and Type B resistance combined 
to retard disease development no measurable effect 
of nutrient balance was observed. When Type A 
resistant plants were used, change in neither tem- 
perature nor nutrient balance resulted in any de- 
velopment of disease. 

Effect of nutrient solutions on growth of the 
pathogen . — Since the yellows organism was added 
directly to the quartz sand irrigated with various 
nutrient solutions, it was important to know what 
influence the solutions might have upon the increase 
of inoculum before infection. Each nutrient solution 
used was made up with 2 per cent agar, each with 
3 levels of dextrose (0.5, 1.0, and 2.0 per cent). 
Petri dish cultures of each were made in triplicate 
and radial expansion of colonies measured at the 
end of four days. No significant differences were 
found between amounts of growth on any of the 
agars. This indicated that differences in disease de- 
velopment in plants grown in various solutions were 
due to the effect upon the host rather than to a 
direct effect of the nutrient solutions upon the or- 
ganism before establishment of its parasitic relation 
to the host. 

Discussion. — Development of a parasitic disease 
may be considered in three phases, during each of 
which environmental factors may become influen- 
tial. In the first phase, which may be termed the 
predispositional phase, conditioning of host and 
parasite are involved. The second phase, which may 
be referred to as the incitant or inception phase, is 
concerned with penetration by and parasitic estab- 
lishment of the pathogenic organism. The third 
phase, which may be termed the developmental 
phase, constitutes the period of interaction of host 
and parasite and the resultant development of dis- 
ease symptoms and effects in the former. This study 
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is concerned primarily with the developmental phase 
of cabbage yellows. Three influential factors — tem- 
perature, inherent host resistance, and nutrition — 
were studied. It is obvious that in nature these fac- 
tors, with others, act collectively rather than inde- 
pendently. The influence of any one, therefore, may 
be conditioned somewhat by the others. 

In this study the interaction of host resistance 
was removed by the use of a very susceptible strain 
of cabbage. A rise in temperature from 19°C. to 
25° greatly accelerated disease development. An 
increase in salt concentration of the nutrient (ex- 
cept at the lowest levels) resulted in a retardation 
of disease development in the susceptible variety 
but the interaction of nutrition was most effective at 
the lower temperature which was least influential 
in promoting disease development. Likewise the 
effects of — N, — P, and — K solutions were greater 
in this variety when the effect of temperature in 
promoting disease was least. 

The influence of inherent host resistance of an 
intermediate degree was studied by the use of Type 
B resistant Wisconsin Hollander cabbage. With the 
introduction of this third factor the interaction of 
temperature and nutrition was modified. Where tem- 
perature and inherent host resistance both sup- 
pressed the disease, nutrition was effective neither 
in increasing nor in decreasing disease develop- 
ment. At 25 °C., where temperature hastened dis- 
ease development, the suppression of disease by in- 
herent resistance was less effective than at 19°. In 
this situation (25°) nutrition again became effec- 
tive in enhancing or suppressing disease develop- 
ment according to its level or balance. 

When Type A resistant Wisconsin Ballhead cab- 
bage was used the influence of the high degree of 
inherent host resistance excluded any effect of 
either temperature or nutrition upon disease de- 
velopment. 

It may be concluded, then, that under the condi- 
tions of these experiments with young plants in the 
greenhouse, nutrition did have an effect upon dis- 
ease development in that increase in salt concentra- 
tion, except at the low levels, progressively retarded 
disease development while low nitrogen and low 
phosphorus tended to retard, and low potassium 
tended to enhance, disease development. The extent 
of nutritional effect, however, was conditioned by 
the interaction of temperature and the degree of 
inherent host resistance. It appears, therefore, that 
cabbage yellows has the same type of response to 
nutrition as has been recorded for other vascular 
Fusarium diseases. The reverse in nutritional effect 
at high temperature noted by Schroeder and Walker 
(1942) with Fusarium wilt of pea was not observed 
with yellows. Their result was associated with a 
modification of the pathogenic habit of the organism 
from that of a primarily vascular invader to one 
causing cortical root decay as well. The fact that no 
such change in host-parasite relation occurred at 
25 °C. with cabbage yellows probably accounts for 
the difference in results with the two diseases. 


Suppression or enhancement of yellows develop- 
ment by change in salt concentration or balance was 
not found to be correlated with rate of growth of 
the host. 

SUMMARY 

The rate and severity of development of the yel- 
lows disease ( Fusarium oxysporum f. conglutinans 
(Wr.) Snyder & Hansen) were studied in young 
cabbage plants growing in quartz sand cultures irri- 
gated with nutrient solutions varying in salt con- 
centration and in balance of nitrogen, phosphorus 
and potassium. Plants of a very susceptible strain, 
an intermediate resistant strain, and a highly re- 
sistant strain of cabbage were used. The salt con- 
centration of the basal Hoagland solution was de- 
creased by one-half (0.5H), one-tenth (0.1H), and 
one-twentieth (0.05H) and increased by two times 
(2H) and by three times (3H). 

There was usually an increase in growth up to 
lH or 2H and then a decline at 3H. In one experi- 
ment, set up so that the data could be analyzed sta- 
tistically, there was not a significant difference be- 
tween the fresh weight of tops of uninoculated plants 
at 0.5 H, lH, and 2H, but the weights in that group 
were significantly higher than those at O.lH and 3H. 
Except at the low concentrations there was a pro- 
gressive decline in rate of disease development in the 
susceptible strain with increase in salt concentra- 
tion. The rate of disease development was slower at 
19°C. than at 25°. While the disease development 
curves had the same relation to each other at 25° as 
at 19°, they were closer together after 20 days at 
the former temperature. With intermediate resistant 
plants inherent host resistance suppressed the dis- 
ease almost completely at 19° and no effect of salt 
concentration could be measured; at 25° the curves 
for four out of five nutrient concentrations followed 
closely the shape of those for the susceptible strain 
at 19°. 

When potassium was omitted from the solution the 
rate of disease development increased in the suscep- 
tible strain at 19° C. and 25°. When nitrogen and 
when phosphorus were omitted the rate of disease 
development decreased in the susceptible strain at 
19° and 25° and in the intermediate resistant strain 
at 25°. 

In the highly resistant strain no signs of disease 
developed at any salt concentration or at any bal- 
ance of nitrogen, phosphorus, or potassium in the 
nutrient. 

Suppression or enhancement of yellows develop- 
ment by change in salt concentration or balance was 
not found to be correlated with rate of growth of 
the host. 
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FACTOR Z 2 AND GAMETIC REPRODUCTION BY PHYCOMYCES 1 
William J. Robbins and Mary Bartley Schmitt 


In earlier papers from this laboratory the favor- 
able action, in the presence of thiamine, of an ex- 
tract of white potatoes and other natural substances 
on the germination, mycelial growth, and gametic 
reproduction of Phycomyces blakesleeanus has been 
reported (Robbins, 1939, 1940, 1941). Robbins and 
Hamner (1940) demonstrated that at least two fac- 
tors were involved. One (factor Z 1 ) was adsorbed 
on charcoal; the other (factor Z 2 ) was present in 
the filtrate from charcoal-treated extracts. Factor 
Zi was identified as hypoxanthine (Robbins and 
K'avanagh, 1942b; Robbins, Kavanagh and Kava- 
nagh, 1942; Robbins, 1943). As the studies were 
continued, it appeared that the relation of these 
factors to spore germination, to mycelial growth, 
and to gametic reproduction should be considered 
separately. The present paper reports our conclu- 
sions on factor Z 2 so far as gametic reproduction is 
concerned. 

Our earlier results showed that Phycomyces pro- 
duced few or no progametes at 26 °C. when the two 
strains were inoculated at opposite edges of a 10 
cm. Petri dish containing a basal medium composed 
of mineral salts, dextrose, asparagine, thiamine and 
agar. At 20° C. under the same conditions zygotes 
were produced. The addition of potato extract to 
the basal medium increased the number of zygotes 
at 20° C. and induced the formation at 26 °C. of 
yellow progametes. These, however, did not mature 
at the higher temperature. The filtrate from char- 
coal-treated potato extract acted on gametic repro- 
duction in much the same way as the original ex- 
tract. If the inoculations of the two strains were 

1 Received for publication February 12, 1945. 


separated by 1 or 2 cm. instead of by the diameter 
of the Petri dish, progametes developed at 26° on 
the basal medium. 

We have been concerned in determining why the 
temperature of incubation, the addition of potato 
extract (and its filtrate fraction), and the distance 
between inocula influence gametic reproduction of 
Phycomyces on our basal medium. 

It is possible to explain each of these phenom- 
ena by assuming the existence of one or more fac- 
tors essential for gametic reproduction. On this 
basis the effect of the higher temperatures would 
be caused by a failure of the organism to make the 
essential factors in as great a net quantity at 26 °C. 
as at 20 °C. Potato extract might contain the essen- 
tial factors which are not present in the basal me- 
dium. If present in small quantity in the spores 
used as inoculum, the factors might be used up or 
dissipated before the mycelia meet if they grow for 
some distance. 

Our object in this investigation was to determine 
whether any specific compounds were concerned in 
the phenomenon described, or whether the results 
were due to some other cause; that is, to identify 
factor Z 2 for gametic reproduction. 

Methods. — The procedure followed, unless other- 
wise noted, was as follows : 

Phycomyces blakesleeanus was grown at 26 °C. 
in 2 X 10 cm. Petri dishes of pyrex glass. Each 
dish contained 20 ml. of a basal medium 2 or the 

2 This medium contained per liter 1.5 g. KH 2 P0 4 , 0.5 g. 
MgS0 4 .7H 2 0, 2 g. asparagine, 50 g. dextrose, 500 m/x moles 
thiamine, 500 m^t moles hypoxanthine, and 10 g. purified 
agar (Robbins and Ma, 1943). Supplementary mineral 
elements were added as follows in p.p.m.: 0.005 B, 0.02 Cu, 
0.10 Fe, 0.01 Ga, 0.01 Mn, 0.01 Mo and 0.09 Zn. 
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Fig. 1. Effect of glutamic acid on gametic reproduction of Phycomyces at 26°C. Left, basal medium; right, basal 
medium plus 10 mg. d-glutamic acid, neutralized with CaC0 3 . The mycelia have been pulled aside in both plates to 
show line of union. Note line of progametes in plate with glutamic acid. Age 6 days. 


same medium supplemented by various additions 
which are given in the text in connection with specific 
experiments. Each dish was inoculated at one end 
of a diameter with a drop of a spore suspension of 
the (~|-) strain, and at the other end with the ( — ) 
strain. The original inocula were separated by a 
distance of about 9 cm. To insure maximum ger- 
mination the spore suspensions were heated for 30 
min. at 50 °C. Observations were made at intervals 
on growth, on the distance separating the develop- 
ing mycelia, and on the completeness with which 
the two mycelia had joined; it is obvious that pro- 
gametes and zygotes would be produced only if the 
two mycelia met. Final observations on progamete 
production were made at the end of 5 or 6 days. 
The progametes appeared as a yellow line of vari- 
ous lengths and widths, depending upon the me- 
dium, and with few exceptions reached their maxi- 
mum development within 5 or 6 days. At 26° the 
progametes did not form mature zygotes. 

All glassware was cleaned by treatment with a 
chromic sulfuric acid mixture, followed by thor- 
ough rinsing with tap water and distilled water. 
The chemicals were of the customary C.P. grade. 
The asparagine was treated with charcoal and re- 
crystallized from alcohol. 

Results. — Protein hydrolysates . — Among the 
substances tested for factor Z 2 activity were hy- 
drolysates of gelatine, egg albumen, and casein. All 
of these exerted a favorable effect though none was 
as active on a dry weight basis as potato extract.'* 
Since the major constituents of these hydrolysates 
were amino acids, we prepared and tested mixtures 
of amino acids which approximated the composition 
of the hydrolysates of the natural products. These 
"synthetic” protein hydrolysates also were of bene- 
fit, though less so than potato extract,'* These re- 

3 In some instances the hydrolysates were superior to 
potato extract when smaller quantities (1 or Q mg. per 
; plate) were compared. 


suits indicated that the effect of the individual ami- 
no acids included in our synthetic hydrolysates 
should be determined. 

Amino acids . — Ten amino acids which are com- 
mon to egg albumen, casein and gelatine were se- 
lected and divided into two groups, A and B. 4 Each 
group was treated with excess CaCCF*, filtered ster- 
ile and added to the basal medium in amounts of 
20 mg., 10 mg., 5 mg., and 1 mg. per dish. Mixture 
A was inactive, mixture B was active and, in the 
smaller amounts, superior to equal weights of po- 
tato extract. 

These results suggested that the material present 
in the protein hydrolysates and favorable for ga- 
metic reproduction under our conditions was one or 
more of the four amino acids included in mixture B. 

We, therefore, prepared mixtures containing three 
of the four amino acids, omitting one of the four in 
turn. These were used in the proportions in mix- 
ture B and in amounts equivalent to 20 mg. or 10 
mg. of the mixture per plate. Beneficial effects were 
observed whenever glutamic acid* was included and 
no progametes were obtained with a combination of 
leucine, isoleucine and proline. 

Glutamic acid . — Glutamic acid added by itself to 
the basal medium exerted a beneficial effect ; in fact, 
up to 20 mg. per plate (larger amounts were not 
tested), it was more effective than equal weights of 
potato extract (fig. 1). On the other hand, leucine, 
isoleucine, proline, valine, tryosine and glycine, 

4 Mixture A contained equal weights of d-arginine HCI, 
d-lysine HCI, di-phenylalanine, d 1-threonine, di-valine and 
dl -serine. Mixture B contained four amino acids in the 
following proportions by weight : 2.5 1-leucine, 7.5 d-isoleu- 
cine, 5.0 1-proline and 15 d-glutamic acid. 

5 The glutamic acid was shaken with 0aCO 3 and the 
excess removed by filtration. This procedure was followed 
whenever glutamic acid was used. The addition of un- 
neutralized glutamic acid was ineffective. Glutamic acid 
neutralized with NaOH was as active as that neutralized 
with CaC0 3 . 
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added individually to the basal medium at the rate 
of 10, 5 or 2 mg. per plate, had little or no effect. 

Different amounts of asparagine . — The benefi- 
cial effect of glutamic acid was not caused by its 
nitrogen content. This is suggested by the inactivity 
of other amino acids which would also increase the 
nitrogen in the medium. Some of these were capa- 
ble of serving as sources of nitrogen to Phycomyces 
(Schopfer, 1937). We supplemented the basal me- 
dium also with 0.5, 1.0, 5.0 and 10 mg. of aspara; 
gine per plate without influencing the gametic re- 
production. 

Effect of other substances . — Although glutamic 
acid alone of the ten amino acids investigated favor- 
ably influenced gametic reproduction, it appeared 
desirable to test other substances, particularly other 
organic acids. Each substance was used at 10 mg., 
5 mg. and 2.5 mg. per plate; and the activity was 
compared with that of equal weights of glutamic 
acid and of potato extract. Pyruvic acid, glutaric 
acid, and aspartic acid were treated with excess 
CaC0 3 filtered, and autoclaved before being added 
to the sterile basal medium. Glutamine 0 was treated 
with excess CaC0 3 and, filtered sterile. All the other 
compounds were neutralized with NaOH and filtered 
sterile before being added to the sterile basal medi- 
um. Glutamine was ineffective. Pyruvic, glutaric, as- 
partic, fumaric, malic, succinic, tartaric, citric, lactic, 
propionic, pimelic, hippuric, azelaic, malonic, hy- 
drocinnamic, valeric, butyric, isobutyric, and iso- 
caproic acids were all effective. Some of them were 
as active as glutamic acid in amounts of 10 mg. per 
plate, and more effective than glutamic acid at 5 or 
2.5 mg. per plate; others were less effective. Many 
inhibited to a greater or lesser extent the develop- 
ment of the yellow pigment in the progametes; 
others (hydrocinnamic and pyruvic acids) intensi- 
fied the yellow color. Hydrocinnamic, isobutyric, 
and isocaproic acids at 10 mg. per plate were suffi- 
ciently injurious to prevent the ( + ) and ( — ) 

6 This glutamine was generously provided by Dr. Paul 
Gy orgy. 


strains from growing together; but 5 and 2.5 mg. 
induced the formation of progametes. 

Buffered media . — These results showed that the 
action of glutamic acid was not specific and sug- 
gested that the beneficial effects of the organic acids 
(including glutamic acid) might be primarily due 
to their buffer action. We, therefore, modified the 
basal medium by substituting for the KH0PO4, 
mm. ■ _ 

— or — mixtures ot the monobasic and dibasic 

potassium phosphates adjusted to give various hy- 
drion concentrations. The initial hydrion concentra- 
tions of these media were pH 4.5 (the basal me- 
dium), pH 6.0, pH 6.5, pH 7.0 and pH 8.0. With 
both amounts of the phosphates, at initial pH 7.0 
and pH 8.0 growth was materially reduced; and the 
two strains did not meet. On the plates at initial 
pH 6.0 and pH 6.5 lines of progametes were ob- 
tained though they were paler and in smaller quan- 
tity than on the basal medium supplemented with 
potato extract. 

We also added to the basal medium — or — 

20 100 

phthalate buffers to give initial hydrion concentra- 

M 

tions of pH 4.6, 5.0 and 6.0. The — concentration 

was injurious at pH 4.6 and 5.0 but at pH 6.0 the 
progamete production was superior to the check 
though paler and sparser than with potato extract. 

With the — concentrations, progametes were ob- 
tained at all three hydrion concentrations. 

Various amounts of CaC0 3 (10, 100, 250 and 500 
mg. per plate) were added to the basal medium. 
The gametic reproduction was superior to the check 
though not as satisfactory as with potato extract. 

In none of the buffered media or in those nue- 
tralized with CaC0 3 were the progametes as nu- 
merous as we obtained with glutamic acid or with 
potato extract; neither were they as yellow. Never- 
theless, the results supported the idea that the fail- 
ure of Phycomyces to produce gametes on our basal 
medium was associated with the acidity of the 
medium. 



Fig. 2. Diagrams to illustrate application of drops of neutralizing solutions. Left, condition at time drops were 
applied; right, condition when progametes had developed. See text for details. 
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at 20° C. and 26° C. See text for details. 


Distance apart ( — ) or line of 
union ( + ) of two mycelia.... 

Line of progametes ...... 

P H of medium 

Dry weight of mat 


Distance apart ( — ) or line of 
union ( + ) of two mycelia. . . . 

Line of pro gametes 

pH of medium 

Dry weight of mat.. 


— The results with buffered media suggested that 
it might be possible to produce progametes by neu- 
tralizing the acid locally at the edges of the grow- 
ing mycelia. 

The two strains were allowed to grow on the 
basal medium until they met and formed a line of 
union extending over about half the diameter of the 
plate. At one end of the line of union in that por- 
tion of the agar not yet covered with mycelium we 
placed (fig. 2) several drops of water containing ex- 
cess CaCOg, or of solutions of — KH2PO4, — 

Na 2 HP04, 0.2 N NaOH or a mixture of KH 2 P0 4 
and Na 2 HP0 4 of pH 7.0. Progametes were pro- 
duced in the area treated with the neutralizing sub- 
stances and not elsewhere in the plates (fig. 2). The 


3 days 

4 days 

5 days 

6 days 

—2.0 cm. 

0 

4.5 

+4.8 cm. 
3.3 cm. 
4.15 

+8.7 cm. 

6.9 x 0.6 cm. 

3.5 

501 mg. 

3.0 

534 mg. 

—0.7 cm. 

0 

4.35 

+5.5 cm. 

0 

3.75 

+8.7 cm. 

0 

3.15 

533 mg. 

3.1 

513 mg. 

colonies . 

the 4th day 

the two mycelia 

had met at 


best results were obtained with 


K„HP0 4 and 


with CaCO ;4 . 

Measurement of hydrion concentrations . — The 
foregoing results suggested the wisdom of measur- 
ing the acidity of the medium on which the two 
strains were growing and correlating the results 
with the development of progametes. 

In the first experiment (table 1) 60 ml. of the 
basal medium were used in a Petri dish. Several 
dashes were inoculated with the (-(-1 and ( — ) 
Phy corny ces; some were incubated at 20° C., others 
at 26° C. After 3, 4, 5 and 6 days a portion of the 
agar was removed at the edge of the growing colo- 
nies or under the line of union where the mycelia 
had met, and the pH was determined by means of 
a glass electrode. At the same time notes were made 
on the distance separating the (+ ) and ( — ) strains 
or the length of the line of union if they had al- 
ready grown together. Observations were made also 
on the production of progametes. On the 5th and 
6th days a mycelial mat was stripped from the agar, 
washed in warm water, dried and weighed. The 
growth was more rapid at 26° than at 20°. After 3 
days the two mycelia at 20° were, on the average, 
2.0 cm. apart; at 26° they were 0.7 cm. apart. The 
pH of the agar was 4.5 at 20° and 4.35 at 26°. By 


formed a line of union averaging 4.8 cm. in length. 
Progametes had begun to develop extending for 3.3 
cm. or about % of the length of the line of union. 
At 26°, although the line of union was 5.5 cm. in 
length, no progametes had formed. However, the 
pH of the medium on the 4th day was 4.15 at 20 °C. 
and 3.75 at 26° C. On the 5th day the length of the 
line of union and of progametes had increased at 
20° extending nearly across the plate. The pH had 
dropped to 3.5. At 26° although the line of union 
of the two mycelia extended nearly across the plate, 
no progametes appeared. The pH was 3.15. 

These results suggest that a hydrion concen- 
tration lower than approximately pH 4.0 inhibits 
progamete production. At the lower temperature 
(20°) the shift past the critical hydrion concentra- 
tion occurs after the progametes have formed, and 
at the higher temperature it occurs before their 
development. At both temperatures the final pH 
after 6 days was in the vicinity of 3.0, and the vege- 
tative growth as judged by the dry weights was 
about the same. 

In the second experiment 20 ml. of medium were 
used per dish and we prepared dishes of the basal 
medium, and of the basal medium plus 20 mg. of 
potato extract per plate. Some plates of each me- 
dium were incubated at 20° C. and at 26 °C. In this 
experiment also the hydrion concentration of the 
basal medium at the time progamete formation be- 
gan on the 4th day was above 4.0 (pH 4.4) at 20 °C. 
and below 4.0 (pH 3.6) at 26°. The addition of 
potato extract decreased the acidity of the basal 
medium. It also increased the rate of growth so 
that the mycelia at both 20° and 26° in the media 
supplemented with potato extract had grown to- 
gether by the 3rd day and had begun to produce 
progametes (table 2); at this time the pH of the 
media at 20 °C. was 4.9 and at 26 °C., 4.6. 

It appears therefore that the failure of Phy co- 
rny ces to produce progametes at 26 °C. on our basal 
medium occurs because, by the time the mycelia 
have met, the acidity of the medium has become too 
great to permit their formation. 


HYDRtON CONCENTRATION IN pH 
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Table 2. Relation between hydrion concentration of medium and development of progametes at @0°C. and 26°C» on 
basal medium and basal medium plus potato extract. See text for details. 



2 days 

3 days 

4 days 

5 days 

6 days 

Basal medium 20°C. 

Distance apart ( — ) or line of union ( + ) of 
two mycelia 


—2.2 cm. 

+4.8 cm. 

+9.0 cm. 

+9.0 cm. 

Line of progametes . . 

0 

0 

2.6 cm. 

7.4 x 0.4 cm. 

8.5 x 0.4 cm. 

pH of medium 

4.65 

4.65 

4.4 

3.25 

2.9 

Dry weight of mat 

.... 


122 mg. 

182 mg. 

175 mg. 

Basal medium 26 °C. 






Distance apart ( — ) or line of union ( + ) of 

two mycelia 


— 1.3 cm. 

+3.5 cm. 

+8.0 cm. 

+8.0 cm. 

Line of pro gametes 

0 

0 

0 

0 

0 

pH of medium 

4.6 

4.4 

3.6 

3.0 

3.1 

Dry weight of mat 



181 mg. 

183 mg. 

209 mg. 

Basal medium plus potato extract 20°C. 
Distance apart ( — ) or line of union (+) of 
two mycelia 


+2.1 cm. 

+9.0 cm. 

+9.0 cm. 

+9.0 cm. 

Line of progametes 

0 

few 

8.4 x 0.5 cm. 

9.0 x 0.6 cm. 

9.0 x 0.6 cm. 

pH of medium 

4.9 

4.9 

4.2 

3.3 

3.1 

Dry weight of mat 

.... 


201 mg. 

216 mg. 

197 mg. 

Basal medium plus potato extract 26 °C. 
Distance apart ( — ) or line of union ( + ) of 
two mycelia 


+5.6 cm. 

+9.0 cm. 

+9.0 cm. 

+9.0 cm. 

Line of progametes 

0 

few 

6.8 x 0.2 cm. 

9 x 0.2 cm. 

9.0 x 0.2 cm. 

pH of medium 

4.85 

4.6 

3.6 

3.3 

3.3 

Dry weight of mat 



264 mg. 

231 mg. 

227 mg. 


Buffer action of glutamic acid . — The favorable 
effect of glutamic acid on the production of pro- 



Fig. 3. Titration curve (dotted) of 20 ml. of basal solu- 
tion (mineral salts, sugar, asparagine), and titration curve 
of same medium plus 10 mg. of d-glutamic acid, neutralized 
with CaC0 3 . 

gametes under our conditions probably results from 
its buffer action. Titration curves of our basal nu- 
trient solution, and the same solution plus 10 mg, of 
glutamic acid per 20 ml., show that the latter is 


well buffered in the vicinity of the critical pH 4.0 
(fig. 3). The basal solution owes its buffer action 
chiefly to the phosphate it contains, which is least 
effective between pH 4.0 and pH 5.0. 

Plates with compartments . — We demonstrated 
the relation between acidity and the production of 
progametes by another method, one which did not 
involve the addition of any chemical substances to 
the basal medium. Three Petri dishes were prepared 
with partitions of quartz glass 4 mm. high and 2 or 
3 mm. wide, which separated the dish into 3 com- 
partments. The partitions were cemented to the 
bottoms of the dishes. The distance between the 
partitions in the three plates was 26 mm., 19 mm., 
and 11 mm. respectively. Sufficient basal medium 
was poured into each dish to reach the top of the 
partitions, and the plates were inoculated at oppo- 
site edges with the ( + ) and (• — ) strains (fig. 4). 
The temperature of incubation was 26 °C. 

We assumed that the partitions would prevent 
acid developed on the side portions of the plates 
occupied by the growing mycelia from diffusing into 
the middle portion. When the mycelia grew over the 
partitions, they would find media unchanged in 
acidity; and the time before they met would be too 
short to permit the acidity of the middle portion of 
the medium to pass beyond the critical point. 

In the plate with partitions 26 mm. apart the 
two strains grew across the partitions and met in 
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■ Fig. 4. Results obtained with partitioned plates. Note in A and B line of progametes where my celia met in medium 
between partitions; and no progametes in C, where the ( — ) strain overgrew the middle partition of agar before meet- 
ing, the ( + ) strain. 


the agar between, producing a line of progametes 
entirely across the plate and 2 or 3 mm. wide. The 
same thing occurred in the dish with the partitions 
11 mm. apart* but the width of the line of pro- 
gametes ranged up to 8 or 9 mm. In the third plate 
the ( — ) strain grew across the middle portion of 
the medium and met the (-}-) strain beyond the 
second partition; no progametes developed. 

Discussion. — The failure of Phycomyces to pro- 
duce progametes on our basal medium at 26 °C. 
when the inoculations were made at opposite edges 
of a 10 cm. Petri dish occurred because the acidity 
became great enough to inhibit their production be- 
fore the (-f-) and ( — ) strains met. This critical 
hydrion concentration was not accurately defined; 
but appeared to be in the vicinity of pH 4.0. It is 
important to note that the time factor played an 
important role in this effect. Even though the pH 
of the medium ultimately reached 3.0, progametes 
were formed, provided the acidity at the time the 
(-f-) and ( — ) strains grew together had not fallen 
below pH 4.0 db. Any conditions, therefore, which 
permitted the two strains to meet before the criti- 
cal hydrion concentration had developed, exerted a 
favorable effect on gametic reproduction. 

The beneficial effect of potato extract was not the 
result of any specific chemical substance in the 
nature of a “reproductive” factor, It was effective 
because it stimulated the growth of both the (-(-) 
and ( — ) strains and exerted some neutralizing ac- 
tion, thus bringing the two strains together before 
metabolic activity had formed an inhibitory amount 
of acid. Other substances, for example, neutralized 
glutamic acid, owed their favorable effects chiefly 
to their buffering action in the vicinity of the criti- 
cal pH value and little to an acceleration of growth. 

* Temperature affected gametic reproduction be- 
cause there was a slower formation of acid at the 
lower temperatures (20°) than at the higher (26°). 
Distance between inocula was a factor to be consid- 
ered because when the (+) and ( — ) inocula were 
close together the mycelia joined before much acid 
had been formed; when they were farther apart 
(9 cm.), the time necessary for them to grow to- 


gether also permitted the development of an inhibi- 
tory amount of acid. 

As a corollary to these general statements, we 
may add that our observations indicate that it re- 
quires a greater hydrion concentration to inhibit 
vegetative growth of this fungus than to prevent 
the formation of gametes. 

At various periods in our investigation, it was 
possible to present considerable evidence for defi- 
nite chemical substances functioning as reproduc- 
tive factors ; in other words, to identify factor Zo 
for gametic reproduction by Phycomyces . How- 
ever, we have been forced to conclude that factor 
Z 2 for progamete formation is not a specific chemi- 
cal compound but is any factor which keeps the 
hydrion concentration of the medium from becom- 
ing too acid until after gametic reproduction has 
had an opportunity to occur. 

SUMMARY 

The failure of Phycomyces blakesleeanus to form 
progametes at 26° on a basal medium of mineral 
salts, asparagine, dextrose and thiamine was found 
to be caused by the development of too much acidity 
before the (-j-) and ( — ) strains grew together. 
The addition to the basal medium of a potato ex- 
tract, of neutralized protein hydrolysates, neutral- 
ized glutamic acid and other organic acids favored 
gametic reproduction because these supplements 
buffered the medium or increased the rate of growth 
so that the mycelia met before the critical hy- 
drion concentration was reached. The production 
of acid was slower at 20 °C. than at 26 °C., which 
accounted for the favorable effect of the lower tem- 
perature on gametic reproduction. Factor Z*> for 
gametic reproduction by Phycomyces is not a spe- 
cific substance, but is any condition which allows 
the mycelia to join before the critical hydrion con- 
centration has developed in the medium. 
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ENDOMITOTIC TAPETAL CELL DIVISIONS IN SPINACIA 1 1 

. ■ ' i 

E. R. Witkus 1 


In many angiosperms the tapetal cells of young 
anthers are uninucleate diploid cells. In mature 
anthers these cells are frequently binucleate or mul- 
tinucleate. Diverse and at times conflicting expla- 
nations of the origin of this binucleate or multinu- 
cleate condition are found in the literature. Earlier 
authors commonly stated that amitosis is the typical 
method of nuclear division in tapetal cells but more 
recent workers., from a study of the developmental 
stages involved, are in general agreement that these 
divisions are mitotic rather than amitotic. 

Atypical division figures suggestive of amitosis 
are common in tapetal cells. In 1882 Strasburger 
found mitotic divisions in the tapetum and stated 
that the divisions he had earlier described as amito- 
sis were in reality the closely appressed nuclei of 
binucleate cells. In 1906 Tischler stated that two 
divisions occurred in the tapetum of certain Ribes 
hybrids. The first was a normal mitotic division but 
no cell plate was formed and a binucleate cell re- 
sulted. These nuclei then simultaneously underwent 
a second division which was amitotic. In 1933 Smith 
found that the tapetal cells of Galtonia candicans 
undergo typical mitosis and form binucleate cells 
with two diploid nuclei. These two nuclei then si- 
multaneously undergo a second division in which 
certain irregularities occur. During late prophase 
as the nuclear membrane disappears, both diploid 
sets of chromosomes congress upon one equatorial 
plate. As a result of this mitotic division two tetra- 
ploid nuclei are formed in the same cell. If the two 
dividing nuclei do not coalesce in this way, they 
proceed to metaphase separately and four diploid 
nuclei are formed, again with no cell plate forma- 
tion, In some cases because of the close proximity 
of the two centrally located telophase groups, they 
may fuse, forming one large median tetraploid nu- 
cleus between two smaller diploid nuclei. In 1933 
D. G. Cooper examined the tapetal cells of forty- 

1 Received for publication February 58, 1945. 

The. author wishes to thank Dr. C. A. Berger for his 
help and valuable suggestions throughout this work. 


three angiosperms and found three types of nu- 
clear behavior as follows: (1) The tapetal cells do 
not divide at all and uninucleate cells are found 
throughout; (2) the nucleus divides once mitotically 
and the cells remain binucleate;' (3) the nucleus 
may divide twice. If these divisions are regular four 
nuclei result in the same cell. If these divisions are 
incomplete and irregular uninucleate and binucleate 
cells may result. 

While studying microsporogenesis in Spinacia 
oleracea a variety of atypical nuclear conditions 
were noted in the tapetal cells. A careful study of 
these cells showed that a type of division occurs in 
the tapetum of Spinacia which is new to tapetal cell 
literature. This process is called endomitosis. It was 
discovered in 1939 by Geitler in insect material 
and, as far as could be ascertained, this is the first 
time it has been demonstrated in plants. In this 
type of division there is a reduplication of the chro- 
mosomes, but no spindle is formed and there is no 
anaphase movement of the chromosomes. Through- 
out the whole process the nuclear membrane re- 
mains intact. The resulting nucleus and cell have 
twice the original number of chromosomes. Geitler 
divided endomitosis into four stages which he 
termed endoprophase, endometaphase, endoana- 
phase and endotelophase. Endoprophase is similar 
to the prophase stage of normal mitosis. The chro- 
mosomes contract by spiralization until a maximum 
degree of condensation is reached. This stage of 
maximum chromosome contraction is called endo- 
metaphase. The nuclear membrane remains intact. 
There is no spindle and the chromosomes do not 
congress upon an equatorial plate. After attaining 
their maximum contraction, the spindle attachment 
regions divide and the chromosomes separate slight- 
ly. This stage is called endoanaphase although 
there is no true anaphase movement of the chromo- 
somes. During endotelophase the chromosomes un- 
dergo reversion to the resting stage condition. All 
the chromosomes remain in the same nucleus and 
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in this way a tetraploid nucleus is formed. In an 
endomitotic cycle, then, the chromosomes are redu- 
plicated, the nuclear membrane does not break 
down, no spindle is formed and neither the nucleus 
nor the cell divides. 

Material and methods. — Anthers from the Old 
Dominion variety of Spinacia oleracea were used. 
The flower buds were fixed in a solution of three 
parts of absolute alcohol to one part of glacial 
acetic acid for twenty-four hours, after which they 
were transferred to Carnoy’s fluid (6:3:1) for one 
hour. The anthers were then removed and placed on 
a slide in a drop of aceto-orcein stain. The contents 
of each anther were pressed out with needles through 
an opening made at one end. The stain was allowed 
to act for fifteen minutes, after which time the cells 
were smeared by applying slight pressure to the 
cover slip. 

Smears stained by the Feulgen technique were 
also used. In this case, after fixation in the absolute 
alcohol-glacial acetic acid mixture, the anthers w r ere 
dissected out and placed in a drop of forty-five per 
cent acetic acid. The cells were then pressed out and 
smeared by a slight pressure applied to the cover 
glass. The slides were then left for three hours in 
a moist chamber, after which the cover glasses were 
removed by inverting the slide in a dish containing 
one part of 95 per cent alcohol and one part of ten 
per cent acetic acid. The smears were then washed 
in water for ten minutes and hydrolyzed in normal 
hydrochloric acid at 60 °C. for thirteen minutes. 
They were then placed in Feulgen stain for one hour. 
After staining they were washed in S0 2 water for 
ten minutes and dehydrated in a graded series of 
alcohols. From 95 per cent alcohol they were 
mounted in euparal. 

Paraffin sections of whole buds cut at a thickness 
of ten microns were also used. For sections the buds 
were first placed in Carnoy’s fluid for an hour to 
insure rapid penetration of the fixative. They were 
then placed in Craf fixative for twenty-four hours. 
The sections were stained with iron-alum hematoxy- 
lin and by the Feulgen technique. In the case of the 
Feulgen stain, twenty-two minutes hydrolysis was 
found to be necessary after fixation in Craf. 

Observations. — In a young anther the tissue is 
undifferentiated and the cells undergo numerous 
mitotic divisions. Soon after these divisions cease the 
sporogenous tissue can be distinguished from the 
somatic tissue constituting the wall of the anther. 
When the pollen mother cells are in the resting 
stage the anther wall consists of four layers of cells, 
the epidermis, the endothecium, a single transition 
layer, and the innermost layer or tapetum. At this 
stage the tapetal cells are very small as compared, 
to their size at maturity and the single nucleus is 
comparatively large. Young tapetal cells are square 
or oblong in shape, while the germ cells are po- 
lygonal. The nuclei of the germ cells are larger and 
less dense than the tapetal nuclei. Tapetal cells of 
Spinacia usually undergo only two divisions during 
the entire meiotic process and both of these divi- 


sions occur while the nuclei of the pollen mother 
cells are in the zygotene synizesis stage of meiosis. 

First tapetal division. — The first division may 
be one of three types. In the first type the nucleus 
undergoes a normal mitotic division. There is no 
cell plate formed, however, and the two nuclei re- 
main in the same cell (fig. 5). As a result a binu- 
cleate cell is formed, each nucleus being diploid. In 
the second type of division the chromosomes behave 
normally up to anaphase, when one or more of the 



3 4 


Fig. 1-4. Diagrams of the stages in endomitosis of 
diploid tapetal cells. — Fig. 1. Endoprophase.- — Fig. 2. En- 
dometaphase. — Fig. 3. Endoanaphase. — Fig. 4. Endotelo- 
phase. 

chromosomes fail to separate, forming chromosomal 
bridges of the sticky type. These bridges persist 
through telophase and resting stage. As a result of 
this type of division a tetraploid cell is formed con- 
taining one dumb-bell-shaped nucleus. The strand 
connecting the two parts of this nucleus may be 
thick or thin depending on the number of chromo- 
somal bridges involved (fig. 6 and 7). 

The third type of first division is the endomitotic 
division. Once the idea of endomitosis is grasped, 
the four stages of the process described by Geitler 
(1939) and later by Painter and Reindorp (1939) 
can be clearly recognized in these tapetal cell divi- 
sions. Figures one to four illustrate these stages 
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Fig. 5-2 0. Photomicrographs of tapetal cell divisions in Spinacia oleracea, X 1250. All figures except figure 8 are 
of aceto-orcein smear preparations. Figure 8 Is of sectioned material stained with iron-alum hematoxylin. — Fig. 5. 
Telophase nuclei without chromosomal bridges.-— Fig. 6 and 7. Telophase nuclei showing chromosomal bridges. — Fig. 
8. Endotelophase, showing despiralization proceeding from the ends of condensed chromosomes. — Fig. 9-20. Stages in 
endomitotic division of tetraploid dumb-bell-shaped nuclei. — Fig. 9. Resting stage. — Fig. 10-13. Successive stages in 
endoprophase. — Fig. 14. Endometaphase. — Fig. 15. Endoanaphase. — Fig. 16-19. Successive stages in endotelophase. — 
Fig. 20. Octoploid resting nucleus. 


diagrammatically. During endoprophase (fig. 1) the (fig. 2), the stage at which the chromosomes have 
chromosomes condense as in normal prophase and reached their greatest degree of condensation. There 
the two chromatids of each chromosome become evi~ is no spindle present and the chromosomes do not 
dent. Contraction continues up to endometaphase congress upon an equatorial plate. The nuclear 
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membrane is still intact and the nucleolus is clearly 
present. At endoanaphase the spindle attachment 
regions of the chromosomes divide and the chroma- 
tids separate slightly (fig. 3). This separation of 
chromatids without anaphase movement or nuclear 
division results in a visible doubling of the number 
of chromosomes. During endotelophase the chromo- 
somes undergo a reversion to the resting stage con- 
dition (fig. 4). Despiralization begins at the ends 
of the chromosomes and in early endotelophase 
highly contracted chromosomes may be seen with 
fine threads emerging from their ends (fig. 4 and 
8). The chromosomes become less chromatic and 
lose their sharp outlines. Reversion continues until 
a resting stage condition is reached. The resulting 
nucleus is tetraploid. Throughout the whole process 
the nucleolus is present and the nuclear membrane 
is intact. There is no division of the nucleus or of 
the cell. 

These three types of the first tapetal cell division 
all occur while the sporocytes are in the zygotene 
synizesis stage. The nuclei resulting from this first 
division may remain in the resting stage throughout 
the rest of the meiotic process. Some of these cells, 
however, undergo a second division which likewise 
occurs while the sporocytes are in the zygotene 
stage and is always endomitotic. 

The second division of the tapetal cells. — 
Second divisions have been found in bi nucleate cells 
and in tetraploid cells with interconnected, dumb- 
bell-shaped nuclei. In the first case both nuclei un- 
dergo endomitosis simultaneously, passing through 
endoprophase, endometaphase, endoanaphase and 
endotelophase as previously described. The result- 
ing cell contains two tetraploid nuclei. 

In the second case the interconnected nucleus 
likewise undergoes a typical endomitotic division 
including the four stages of Geitler. These endomi- 
totic figures are striking in appearance. Figures 
nine to twenty are very clear and once a series of 
such stages is arranged in order, no doubt remains 
as to the type of division occurring. Many of these 
figures considered individually might well be taken 
for a stage in amitosis. A comparison of figures 11 
to 13 with figures 16 to 19 will make clear the dif- 
ference between endoprophase and endotelophase. 
The nucleolus is present at all stages of endomitosis. 

All these divisions take place during the zygo- 
tene synizesis stage. During the remaining meiotic 
stages the tapetal cells remain in the resting condi- 
tion but continue to increase in size. In a binucleate 
cell the enlarging nuclei may become closely ap- 
pressed giving the illusion of a stage in nuclear 
fusion. 

Disintegration of the tapetal cells begins when 
the sporocytes have divided to form the tetrad stage. 
The tapetal cells and their nuclei continue to in- 
crease in size. Dense chromatic material aggregates 
at the periphery of the nuclei. The nucleoli decrease 
in size and become less chromatic. The cytoplasm 
becomes less dense and appears to be somewhat 


fibrous. The cells completely disappear by the time 
mature pollen grains are formed. 

Discussion. — In recent years it has become ap- 
parent that the production of polyploidy by chro- 
mosomal reduplication without nuclear division is 
a common occurrence in both plant and animal ma- 
terial. Endomitosis is only one of three known 
methods by which this can occur, although the term 
has been used to describe all three procedures in 
some of the recent cytological literature. Perhaps 
the clearest example of the first type is the produc- 
tion of highly polyploid cells in the ileum of mos- 
quito larvae (Berger, 1937) by repeated reduplica- 
tion of the chromosomes in the resting nucleus. The 
second way in which this polyploid condition may 
be brought about occurs in Spinacia and other poly- 
somatic plants and consists in a double reproduc- 
tion of the chromosomes in the resting nucleus as 
shown by Gentcheff and Gustafsson (1939) and by 
Berger (1941). In both of these methods the redu- 
plication of the chromosomes occurs while the chro- 
mosomes are in the resting stage and there are no 
endoprophase, endometaphase, endoanaphase or en- 
dotelophase stages as described by Geitler (1939). 
It is not clear to which of these three types the 
salivary gland chromosomes of the Diptera belong, 
but they probably are a modification of type one. 
Types one and two result in polyploid cells which 
can and do undergo mitotic division as polyploid 
cells. From the evidence thus far published it would 
appear that cells which become polyploid by the 
third method, namely, endomitosis, are incapable of 
subsequent mitotic division. It is interesting to note 
that in Spinacia polyploidy arises in different ways 
in the polysomatic tissue of the root tip and in the 
tapetal cells. 

A year before his discovery of endomitosis Geit- 
ler (1938) described a polyploid condition in sev- 
eral tissues of the plant Sauromatum guttatum . 
Grafi, a student of Geitler, continued the study of 
Sauromatum and stated (1939) that the polyploidy 
did not arise by endomitosis but in the same way 
that polysomaty originates in Spinacia. Jachimsky 
(1937) and Yampolsky (1937) also described poly- 
ploid conditions in the cells of various plants but 
one cannot be sure from these papers that the condi- 
tion arose through endomitosis. Meyer (1925) found 
diploid cells in the tapetum of a young anther of 
Leontodon officinale and polyploid cells in the tape- 
tum of mature anthers. Since he found no mitotic 
figures he assumed that the only possible explana- 
tion was the occurrence of an “Innere Teilung” or 
division of the chromosomes without a nuclear divi- 
sion. Since he does not describe or make any men- 
tion of stages corresponding to endoprophase, endo- 
metaphase, endoanaphase and endotelophase we 
must conclude that the process he assumes is not 
endomitosis as here described. Accordingly while 
there may be some doubt as to whether or not this 
is the first time endomitosis has been reported for 
plant tissue, it seems certain that it is the first 
description of this process in tapetal cells. 
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The presence of the nucleolus throughout the 
whole of the endomitotic cycle is of considerable 
interest since in Spinacia the nucleolus always dis- 
appears before metaphase. Its persistence through 
endomitosis may suggest a connection between the 
nucleolus and the formation of the spindle. 

SUMMARY 

The tapetal cells of Spinacia undergo two divi- 
sions during meiosis. Both of these divisions take 
place while the sporocytes are in the zygotene 
synizesis stage. The first division may be one of 
three types. Normal mitosis may take place but no 
cell plate is formed and a binucleate cell results. 
Secondly, the nucleus may undergo an abnormal 
mitosis due to the presence of sticky chromosomal 
bridges. As a result a uninucleate cell is formed with 
a dumb-bell-shaped nucleus. Thirdly, the cell may 
undergo a type of division new to tapetal cell cy- 
tology which is called endomitosis. The endomitotic 
cycle consists of endoprophase, endometaphase, en- 
doanaphase and endotelophase. The chromosomes 
undergo contraction to the metaphase condition, the 
spindle attachment regions divide and the daughter 


chromosomes separate slightly and revert to the 
resting stage condition. Throughout the whole proc- 
ess the nucleolus is present, the nuclear membrane 
remains intact, there is no spindle and consequently 
no true anaphase movement of the chromosomes. 
Thus all the chromosomes remain in the same nu- 
cleus, increasing the degree of polyploidy. 

The resulting nuclei may remain in the resting 
condition or may undergo a second division. The 
second division is in all cases endomitotic. The cell 
resulting from this division is either a uninucleate 
octoploid cell, in which case the nucleus is dumb- 
bell-shaped, or a binucleate cell with two tetraploid 
nuclei. 

It seems possible that endomitosis may not be 
peculiar to the tapetal cells of Spinacia but may 
have a wider application and may explain many of 
the cytological phenomena occurring in the tapetal 
cells of other plants, which up to now have been 
obscure. 

Biological Laboratory, 

Fordham University, 

New York, New York 
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A REMARKABLE TREE-FALL AND AN UNUSUAL TYPE OF GRAFT-UNION 

FAILURE 1 

Arthur J. Eames and L. G. Cox 

In November, 1941, Cornell University received tissue which closed the wound areas (fig. 8). The 
from Norwich, New York, the basal end of the surfaces of rupture and the furrow in the bark show 
trunk of a white fir tree ( Abies concolor L.) that the position of the cambium layers of both stock 
had fallen “in a mysterious manner.” The tree, an and scion (fig. 7, 14-16) and the structural basis 
ornamental specimen grown in a cemetery, was for the extraordinary break in the tree, 
about 40 years old, 25 feet tall, and 12 inches in The grafting method used was that known as 
diameter at the base. It was found fallen, separated “lateral,” in which the scion was applied to the side 

cleanly from the stump just below the ground level. of the stock. In preparation of the stock for graft- 
The break was nearly transverse and remarkably ing the cut was made extremely deep, well beyond 
smooth (fig. 1, 3), suggesting to local people that the pith (fig. 10) so that less than half of the stem 
it had been sawed down or that some animal had remained at that point. The position of the pith 
gnawed it down. (fig. 8) determines the depth of the cut, as does 

It seemed probable that the fall was the result of also the absence of the pith in a transverse cut high- 
a break in tissues along a line of incomplete graft er up (fig. 9). This doubtless accidental condition 
union and members of the staffs of the Departments may have been in part the cause of the graft-union 
of Forestry and Botany went to Norwich and dug failure. The scion, applied obliquely to the cut, was 
up the stump for further evidence of the cause of tied in by a linen thread (about 0.3 mm. in diam.) 
the fall. When the basal section of the trunk is (fig. 11) which is preserved in position, overgrown 
fitted to the stump, a transverse furrow is evident by the later-formed xylem of stock and scion (fig. 
in the bark along the line of break (fig. 2) and the 8, 12). The lower part of the cut-surface of the 
trunk just above the line of break is seen to be stock, resin-coated, is clearly seen in the dissection 
slightly greater in diameter than the stump. The (fig. 8), as is also the short oblique cut by which 

undulate surfaces of separation show, on opposite the top of the stock seedling was later removed 

sides of the pith, a projecting hump and a concavity (fig. 8, 12). Overgrowth by callus and xylem and 

(fig. 1, 7). Both of these facts supported the view phloem took place rapidly on these surfaces, both 

that the fall was the result of graft-union failure. inward from the sides and downward over the top 

Anatomical study of the region of the break con- (fig. 8, 9, 12, 13). Some bark remains on this over- 
firmed this view and demonstrated the presence of growth adjacent to the scion (fig. 8). Overgrowth 
a possibly new type of failure of anatomical union was so extensive and continued so long — three to 
of stock and scion. six years — that it is clear that there was no close 

Slight color differences of the inner bark indi- contact of the upper cut-surfaces of stock and scion; 
cated the probability that a different species was the tying-in of the scion was defective above, and 
used as stock but these could not be used in identi- the two plant-tops apparently stood apart, held to- 
fication, and wood characters also proved of no gether tightly only at the base of the union (fig. 
value. Bailey (1935) states that varieties and forms 11, 12). 

of firs are grafted on seedlings of the particular Callus development rapidly covered most of the 
species, if these are available; if not, on those of wound surface of the stock, leaving contact witli 
Abies bahamea (L.) Mill., A. concolor Lindl. and only the very base of the scion. Similarly most of 
Gord., and A, alba Mill. {— A. Picea Lindl.; A . the cut surface of the scion became callused. From 
pectinata DC.). Though foliage forms of white fir the beginning, therefore, there was contact of vas- 
are grafted on seedlings of the same species, it cular tissues over only a small part of the possible 

seems unlikely that the stock in this tree was of surface, and the cambium margins failed to unite, 

that species because of the differences in bark color, The failure of cambium union was probably due to 
rate of growth, and a probable incompatibility. It is incompatibility of stock and scion but may have 
unlikely that the balsam fir was used because of the been in part because of the early establishment on 
lack of vigor of growth of this species. That the both stock and scion of callus that almost com- 

European white fir was used is possible since at pletely enclosed each wound area independently, 

the time this tree was planted — about 1 900 — much The margins of the cambium cylinders lay close 

grafted fir nursery stock probably came from Hoi- . together but remained unfused. The position of the 
land. ends of the cylinders is evident from the form of 

Detailed anatomical study disclosed the story of the annual rings (fig. 16). The in-turned ends of 
the method of grafting used and the progress of the cambia formed tracheids which, similarly, were 
growth to the fall of the tree. Perfectly preserved bent inward at right angles or lay horizontally in 
in the heart of the tree is the region of grafting, the tree (fig. 4, 5). Thus there was no interlocking 
with the cut surfaces of stock and scion, the thread of the cells of the stock and scion, and horizontally 
which held stock and scion together, and the callus lying vascular cells separated the stump of the tree 
i Received for publication February 26, 1945. from the trunk (fig. 4, 5, 14, 15). Contact between 
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tracheids and sieve tubes of the stock and scion was crowded bordered pits. The thick, heavily lignified 
intimate, but lateral; no parenchyma or “ wound secondary walls have closely placed transverse 
tissue ” lay between these cells. The transversely ridges. In appearance these ridges suggest the bars 
oriented vascular cells apparently functioned nor- of scalariform and close-spiral protoxylem tra- 
mally in conduction between stock and scion be- cheids. In structure they resemble the “stretched” 
cause the tree grew well for forty years. tracheids of the leaf traces of conifers where the 

That a large and well-grown tree could stand so trace is ruptured and added to as the evergreen 
long with a layer of transversely oriented tracheids leaf is pushed outward by the increase in diameter 
across the base of trunk is extraordinary because of the stem. In these leaf traces, however, the tra- 
such a layer must represent a region of extreme cheids become delignified and ruptured. Aside from 
mechanical weakness. Without interlocking of tra- the presence of the transverse ridges, this thin layer 
cheids the tree must have been kept from falling of wood resembles the compression wood of coni- 
only by intercellular substance. Only remarkable fers. It lay in a position where, as it matured, it was 
protective conditions could have saved so weak a subjected to extreme compression, especially if the 
tree from early destruction. The tree was healthy, tree rocked when swayed by the wind. The unusual 
and, according to the statement of the superinten- wall thickenings represent, perhaps, strengthening 
dent of the cemetery, had grown normally. It had areas related to compression. 

been protected, however, from wind by an un- Graft-union failure of structural type where no 
broken circular hedge of red cedar and arbor vitae parenchymatous cells lie between the vascular tis- 
which was about 15 feet tall at the time the tree sues of scion and stock appears to be unknown, 
fell. Probably the fallen tree had only recently Descriptions in literature of the anatomy of graft- 
sufficiently overtopped this shelter to expose a con- unions where incompatibility exists are few and 
siderable portion of its top to the wind. Further, none covering conditions in conifers has been found, 
the cemetery is so located in a valley as to be ex- All note the presence of parenchyma-like tissues 
posed to strong winds only from the southeast. Such along the surface of union, with cambium union de- 
winds had blown briefly about the time the tree fell, layed or never attained. 

(The exact time of the fall is unknown.) Goeppert (1874) reported a parenchymatous 

The transversely placed cells are chiefly those of union between stock and scion in interspecific grafts 
the stump (fig. 14) ; the ends of its annual-ring of Sorbus where the connecting tissue appeared to 
cylinders turn inward more sharply than do those the naked eye as a “thin greenish stripe.” This layer 
of the trunk and taper out as thin flat wedges (fig. persisted through the first annual ring, and only in 
8, 14, 15). The margins of the annual-ring cylinders the second year did cambium continuity develop, 
of the trunk are rounded and lack tapering edges Traces of the parenchymatous union-tissue could be 
(fig. 8, 14, 15). When the tree fell, the break fol- found in tangential sections long after this could be 
lowed closely the line between the tissues of stock seen in transverse sections. 

and scion except in a few places where fragments Waugh (1904) described a three-year-old graft 
of the trunk tissues remained attached to the stump, union of pear on quince that was defective because 

especially in the outermost annual ring (fig. 15). “loose roundish cells” (probably parenchyma) 

Here, because of the greater diameter of the trunk, formed a thin division wall between the tissues of 
the xylem of the last annual ring lay upon the inner stock and scion. 

phloem of the stump, its convex rim matching the Proebsting (1926) found, instead of the layer of 
concave rim of the phloem cylinder, and the break parenchyma between stock and scion, a sheet of 
came through the projecting rim of trunk xylem in bark tissue. This bark could be divided roughly into 
some small areas. The surface of the break is re- a middle layer of corky nature with, on each side, a 
markably smooth because of the transverse posi- layer characteristic of the bark of the species. The 
tion, compactness, and strong lignification of the layers extended nearly to the point at which the 
cells of the region (fig. 3, 4, 5). The prominent cambium layers of stock and scion were placed in 
hump and hollow of the central region (fig. 1, 7) contact when the graft was made. Proebsting as- 
represent the side-by-side tissues of stock and scion sumed that, after the inception of growth, the part 
in the early years ; later these were “smoothed out” of the cambium that lay at the line of union ceased 
and the tissues of scion and stock stood only above to function, and as growth continued above and be- 

and below (fig. 8, 16). low this region, a layer of bark was laid down by 

The transversely placed tracheids of the stump the cambium of both stock and scion. This condi- 
show remarkable structure (fig. 6). They are short tion was observed in one-year-old budded and 
and of small diameter, with the walls covered with grafted material of Pyrus Mains on P. serotina, 

Fig. 1-6. — Fig. 1. Broken surfaces of stump and trunk of 40-year-old Abies concolor fallen through graft-union 
failure. X Vs. — Fig. 2. Stump and base of trunk showing furrow in bark and difference in diameter above and be- 
low. X Vs.—Fig. 3. Portion of broken surface of trunk showing transversely lying wood tissues. X 3.— Fig. 4, Radial 
section of xylem of trunk at line of break, showing form of annual rings and position of tracheids. X 180.— Fig. 5, 
Radial section of xylem of stump at line of break, showing position of tracheids forming transverse plate and lack of 
interlocking with xylem of trunk. X 180.— Fig. 6. Tracheids of the transverse plate with heavy transverse ridges of 
secondary w r all. X 415. 
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P. Malus on P. communis * P. communis on P. Ma- 
ins, P. communis (var. Bartlett) on Cydonia ob- 
longa, and C. oblonga on P. serotina . 

The several types of structural defects of graft 
union were summarized by Proebsting (1928) as 
(1) the formation of a double layer of bark accom- 
panied by a considerable amount of wound paren- 
chyma between stock and scion; (2) the formation 
of wound parenchyma by the cambium of stock or 
scion* or by both cambia, at the line of union, with 
or without distortion of the adjacent vascular tis- 
sue; (3) distortion of the vascular tissue which in 
mild cases may not cause mechanical weaknesses or 
functional disturbances* but may cause difficulties 
in translocation when the distortion is so great that 
whorls and loops of vessels are formed in both lon- 
gitudinal and transverse planes; and (4) degenera- 
tion at the line of union* with formation of gummy 
masses, of all the xylem between the rays. 

Bradford and Sitton (1929), after a study of 
defective graft unions, concluded that uncongenial 
grafts, as represented by pear on apple, or pear on 
quince, differed from congenial grafts principally 
in a failure to maintain cambium continuity, the 
break coming apparently at the end of the growing 
season. With continuing growth of stock and scion, 
this cambium break leaves a zone of parenchyma- 
tous tissue and both xylem and phloem are discon- 
tinuous. 

SUMMARY 

A forty-year-old, cultivated white fir fell because 
of a graft-union failure which resulted in a clean 
transverse break at ground level. Anatomical study 
demonstrates the type of grafting used and the 
structural conditions which developed as the tree 
grew. One-year-old seedling stock was used, the cut 
for the lateral application of the scion was made 
too deeply — beyond the pith — and the scion was 
apparently tied in too loosely. Incompatibility of 


stock and scion were doubtless responsible for a 
failure of the cambium layers to unite, though the 
structural conditions of the poor graft may have 
also been in part responsible. The stock was doubt- 
less not the same species as the scion though it has 
not been possible to identify this from w r ood or bark 
structure. 

The edges of the cambium cylinders of scion and 
stock failed to unite but turned inward at the line 
of union. From these marginal parts a transverse 
plate of vascular tissue was built up across the 
trunk of the tree wherein the ends of the tracheids 
and sieve tubes lay horizontally. No parenchyma 
was formed between the two uncongenial tissue 
masses, a condition apparently not heretofore de- 
scribed in graft-union failure. There was no inter- 
locking of the tracheids of stock and scion and the 
horizontal plate formed a zone of great mechanical 
weakness. The protection of the tree from wind by 
a high hedge doubtless preserved it from destruc- 
tion for many years. 

Department of Botany* 

Cornell University, 
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for tying, and form of later annual rings. X V 2 .— Fig. 8. Detail of center region, radial section, with tissues sepa- 
rated as bv the break, showing relation of stock and scion, deep cut of stock, overgrowth on cut surfaces, form of 
successive annual rings, included bark about thread and on cut surface of stock.— Fig. 9. Cross section of center of 
region shown in figure 8, in plane a-a— Fig. 10. Stock as cut deeply for grafting— Fig. 11. Stock and scion, in graft- 
ing position— Fig. 15. Stock and scion two years later (separated), bark omitted.— Fig. 13. Cross section in plane a-a 
of figure 15.— Fig. 14, 15. Form of edges of annual rings on line of contact: figure 14, stock (below) and scion broken 
apart; figure 15, stock and scion united, dotted line indicating position of occasional rupture through tissues of scion. 
—Fig. 16. Form of cambium cylinders two years after grafting (a-a) and at tree fall (&-/>). 


A PHYSIOLOGICAL SEPARATION OF TWO FACTORS NECESSARY FOR THE 
FORMATION OF ROOTS ON CUTTINGS 1 

J. van Overbeek and Luis E. Gregory 


Despite the fact that in many instances auxins" 
and allied substances have been successfully em- 
ployed in the rooting of cuttings, many plants still 
fail to respond to this or to any other known treat- 
ment, Among the tropical plants in which cuttings 
are difficult to root, there are many of considerable 
economic value, such as the avocado, cinchona, 
hevea, and mango. It is noteworthy that many of 
the species which are difficult to root are woody. It 
seemed desirable, therefore, to make a study of the 
physiology of the rooting process of a woody plant. 
Hibiscus was selected for this purpose, and the first 
series of experiments is reported here. Many hibis- 
cus varieties grow abundantly in the tropics and are 
capable of providing the experimenter throughout 
the year with an almost unlimited supply of rela- 
tively uniform material. 

Cuttings of most hibiscus varieties may be rooted 
with ease. However, in the course of our work, a 
form was found which is difficult to root. This form, 
which is white-flowered and known as Ruth Wilcox, 
is so difficult to root that in practice it is propagated 
only by grafting on established root stocks of the 
easy-rooting red species. The red-flowered and 
white-flowered hibiscus are closely related, but they 
differ considerably in ease of rooting. It seemed to 
us, therefore, that the white form might be a suit- 
able object for a study designed to learn more about 
the reasons why cuttings of certain plants are diffi- 
cult to root. 

The present experiments indicate that the white 
form fails to root because two essential factors are 
deficient in its cuttings. Both of these have to be 
present in order to make the cuttings root. One fac- 
tor is auxin, while the other one is a factor or com- 
bination of factors found to be present in the leafy 
shoots of the red species. Auxin can be supplied by 
treatment of the base of the cutting. It was found 
that the second factor, or factors, could be trans- 
mitted to the cuttings of the white form by grafting 
a leafy shoot of the red species on it as a donor. 
With both the auxin and the unknown factor sup- 
plied, the white form rooted abundantly. 

The present article stresses the physiological 
separation of the auxin and the above mentioned 
additional factor. A further analysis of the reasons 
which make the white form difficult to root will be 
published elsewhere (Gregory and van Overbeek, 
1945). Experiments designed to identify the chemi- 
cal nature of the root-inducing factors of leafy 
shoots are in progress. 

Material and methods. — Hibiscus rosa-sinensis 
L. and a Hibiscus hybrid which appears to be the 
form Ruth Wilcox were used. H . rosa-sinensis L. is 
the common red hibiscus mostly used for hedges. 

1 Received for publication January 19, 1945. 

2 For terminology see van Overbeek (1944). 


It roots very well, and it is almost exclusively 
propagated by means of cuttings. Terminal branches 
having from four to six leaves, unless otherwise 
stated, were used both as scions in the grafting ex- 
periments and as cuttings. These branches were 
mostly one year old and were cut from a hedge of 
old plants. The form Ruth Wilcox is a white-flow- 
ered hybrid. It originated from a cross of the vari- 
ety May Damon X Knudsen White (Wilcox and 
Holt, 1913). Knudsen White is a form of H. 
weimeae. It is difficult to propagate by cuttings, 
especially if young terminal branches are used. In 
practice it is propagated mainly by grafting on root 
stocks of the red Hibiscus rosa~sinensis L. The cut- 
tings used in these experiments were “hardwood” 
cuttings about 12 cm. long and 1 cm. in diameter. 

Graft technique. — Two grafting methods (Yerkes, 
1932) were tried, both of which gave equally satis- 
factory results. The bark graft was most extensive- 
ly used. The scions were grafted immediately on the 
freshly made cuttings as a stock. In some experi- 
ments the bottle graft method was used, which is a 
modified whip graft in which the whip of the scion 
is extended and put into a vial of water. This has a 
theoretical advantage in that it keeps the scion pro- 
vided with water during the period before the union 
has established itself. 

Auxin treatments. — Indolebutyric acid in a con- 
centration of 2 mg/cc was employed and applied 
by the alcohol dip method (Hitchcock and Zimmer- 
man, 1940; Cooper, 1944). In preliminary experi- 
ments it was found that approximately 2 mg/cc of 
indolebutyric acid is the most satisfactory concen- 
tration for hibiscus. Concentrations as high as 10 
mg/cc can be used, but the base of the cutting will 
die while roots are formed just above the damaged 
portion of the stem. Auxin treatments in grafting 
experiments were usually made immediately after 
the grafts were made. In some experiments, auxin 
treatments were given a few weeks after the grafts 
were made and the union had been established. 

After treatment, the cuttings were put to root in 
the sand of the propagating frame. This is a brick 
structure provided with a shaded glass roof and 
roof spray. The average temperature of the sand was 
found to be 25 °C., and the air humidity was kept 
high. Some experiments were conducted in an elec- 
trically heated hot bed with a temperature of 31 °C. 
A detailed description of both structures has been 
reported elsewhere (van Overbeek, Tio, Gregory 
and Vazquez, 1943-44). 

Interaction of auxin and other root forming 
factors. — Terminal leafy shoots of the white form 
can not be used satisfactorily for rooting experi- 
ments, since they often disintegrate in a few days. 
However, it was found that during the winter sea- 
son these cuttings remained in better condition than 
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;vith and without auxin treatment. The treatment (IB) was given 96 
make the experiment comparable to those of figure 9 of which they 
treatment.— Fig. 9. Shoots of red hibiscus (R) grafted on cuttings of 
was treated with 9 mg/cc of indolebutyric acid (IB) by the alcohol dip 
he photograph was made 19 days later. The controls, white hibiscus 
•e 1. Further data in table 1. Rooting takes place only as a result of 


during the summer. “Hardwood” cuttings of the 
white form were, therefore, used exclusively. With- 
out treatment these cuttings root poorly, as is shown 
in the left hand portion of figure 1 and in table 1. 
Auxin treatment of the base of these cuttings does 
not materially increase the number of roots (figure 
1, right, and table 1). This failure of the cuttings 
of the white form to respond to auxin may be due 
to several causes. One of these is the possibility 
that root-forming factors, other than auxin, may be 
deficient in the white form. Since the red species 
responds well to auxin, with an increase in the 
number of roots formed (figure 4 comparing the 
“IB” with the “no IB” curves), it was concluded 
that in the leafy shoots of the red species auxin 


limits the root formation while other necessary fac- 
tors are present in relative abundance. This con- 
sideration led to attempts to transmit these factors 
from the red into the white cuttings by means of 
grafting. Grafting without additional auxin treat- 
ment failed to induce roots in the white cuttings 
(fig. 2 left). When, however, the base of the white 
cuttings on which red shoots were grafted, was 
treated with auxin, an abundant root formation was 
observed (fig. 2, right). 

This experiment demonstrates that in order to 
force cuttings of the white hibiscus to produce roots, 
both auxin and another factor coming from the leafy 
shoot of red hibiscus are necessary. Both factors 
have to act coordinately, since each by itself is in- 
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Fig. 3. Effect of the leaves of R on root formation in auxin-treated R/W cuttings. Photographed 29 days after 
the grafts were made and the base of W was treated with 2 mg/cc of indolebutyric acid by the alcohol dip method. 

Table 1. Effect of indolebutyric add (IB) and the scions O 
of red hibiscus (R) on the root formation of white 
hibiscus cuttings (IF). (See photographs fig. 1 and Z 
2.) In A, R grafted on W by bark grafting . IB — | § 

treatments of the base of W 26 days after the grafts . * 

and cuttings were made. Observations 19 days later. • T 

Averages of 10 cuttings. In B, R grafted on W by f“~ 

bottle grafting. IB treatment of the base of W made «— n 

at the time the grafts were made. Observations 19 

days later. Averages of 10 cuttings. In C, expert - o yr— 

meats as under A, except that the bark of the upper . 

part of W was half or completely girdled (see photo - | Q ~ / 

graphs fig. 5 and 6). a: / i 



IB 

Weight of 

Number 

treat- 

roots per 

of roots 

Type of cutting 

ment 

cutting, mg. 

per cutting 



A 



W 

— 

3 ± 3 

0.3 

± 0.1 

W 

+ 

10 + 5 

3.7 

1.4 

R/W 

— 

61 ± 30 

1.1 

± 0.7 

R/W 

+ 

984 ± 140 

32.6 

± 3.9 



B 



R/W 

— 


0.7 

4- 0.5 

R/W 

+ 


25.0 

±: 5.5 



C 



R/W, Vi girdle 

— 

130 ± 58 

1.8 

± 0.5 

R/W, Vi girdle 

+ 

400 ± 140 

24.4 

-+~ 3.2 

R/W, complete girdle 

— 

0 


0 

R/W, complete girdle 

4- 

0 


0 


effective. This grafting experiment has been re- 
peated ten times, using a total of 600 plants, and 
always with the same results. 

Leaves as a source of root-forming factors. — 
After the root-inducing properties of the leafy 
shoots of red hibiscus were ascertained, the next 


^ y 

- 1 NO IB 


2 3 

LEAVES 


Fig. 4. Influence of leaves on the root formation of red 
hibiscus cuttings. Terminal and axillary buds were re- 
moved. The vertical lines indicate the standard error. 
Averages of 20 cuttings. “IB”: base of cuttings treated 
with 2 mg/cc of indolebutyric acid by the alcohol dip 
method. Solid curves: sand of hot bed 31 °C., observations 
after 11 days. Broken curves: sand of propagating frame 
25°C., observations after 14 days. The experiment shows 
that leaves increase the root formation only in the pres- 
ence of auxin. 
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Fig. 5-6.— Fig. 5. Experiment showing that in R/W cuttings a half-girdle through the bark of W, made just below 
the scion, will not block the downward passage of the root -forming substance. Its movement is not strictly rectilinear. 
Experimental set-up as in figures 1 and 2. Additional data in table 1.— Fig. 6. Experiment showing that in R/W cut- 
tings a complete girdle of the bark of W will block the downward movement of root-forming substances coming 
from the scion. Experimental set-up as in figures 1 and 2. Additional data in table 1. Wound regenerated m rooted 
cuttings on extreme right and left. 


consideration which arose was to determine which 
part of the shoot is responsible for this effect. 
Grafts of red hibiscus shoots on white stock were 
used. As is shown in table 2 and figure 3, the leaves 
appear to be the principal source of the root-form- 
ing factor, although buds may show some activity. 
In these experiments the cuttings were treated with 
auxin in order to make sure that auxin did not limit 
root formation. The effect of the leaves, therefore, 
may be attributed to a root-forming factor other 
than auxin. 

Cuttings of the red species, not grafted on white, 
also clearly showed the root-forming influence of 
leaves. This is presented in figure 4, which shows 
that only in the presence of auxin (IB curves) do 
leaves increase root formation. This is another dem- 


onstration of the necessity of auxin plus a factor 
from the leaves in the process of root formation. 

Transport of the root-forming factor. — 
When in grafting experiments a ring of bark was 
removed from the white cutting (complete girdle), 
the flow of root-forming substances coming from 
the red hibiscus shoots was completely intercepted, 
showing that it moved through the bark. The re- 
sults of this experiment are shown in figure 6 and 
table 1. Only when the girdle was bridged by wound 
tissue were roots formed again at the base of the 
cutting. This was the case with the cuttings shovrn 
on the extreme left and on the extreme right of 
figure 6. 

The root-forming factor of the red hibiscus shoots 
will also move sidewise throughout the bark. This 
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Table 2. Influence of the leaves of the scion on the rooting of the stock in R/W hibiscus cut- 
tings. Total number of cuttings, 80 in each series. Averages are based on cuttings which 
actually rooted ( see fig . 8). Base of cuttings treated with indolebutyric acid at the time 
the grafts were made. Observations 29 days later. *** , 



Leaves removed 

Leaves present 

Difference 

Number of roots per cutting 

5.5 ± 1.4 (n == 

18) 

18.8 ± 4.7 (n = 20) 

13.3 ± 4.9 

Weight of roots per cutting, mg 

38 ± 8 (n = 

18) 

243 ±44 (n =■ 20) 

205 ± 45 

Percentage of cuttings which failed 
to root 

40 


33 



was demonstrated by removing a portion of the 
bark (y 2 girdle) of the white cuttings just below 
the place where the red shoot was grafted on, leav- 
ing the opposite part of the bark intact. Figure 5 
and table 1 show that a half girdle did not mate- 
rially interfere with the transport of the root-form- 
ing substances. 

Discussion. — In the analysis of those cuttings 
which are difficult to root it is not possible to say 
a priori whether the failure to root is due to lack 
of root-forming substances— nutritional or hormonal 
or both — or to certain inherent morphological char- 
acteristics of the cuttings (Thimann and Delisle, 
1939). The fact that in our experiment the diffi- 
cult-to-root white hibiscus form was, by means of a 
special procedure, successfully rooted, eliminates 
the possibility that failure to root in this case is 
due to morphological characteristics. 

The experiments discussed above (fig. 1 and 2) 
allow the following conclusions to be drawn: (1) 
White hibiscus cuttings are deficient in auxin, which 
is one of the reasons for their failure to root; (2) 
white hibiscus cuttings are also deficient in a factor 
that may be provided by red hibiscus shoots; (3) 
the substance of the red hibiscus cuttings is prob- 
ably not an auxin, since indolebutyric acid is effec- 
tive only when shoots of red hibiscus are present; 
(4) the data of figures 3 and 4 show that the leaves 
of red hibiscus are an important source of this root- 
forming substance. 

Went (1929) found that in acalypha the root- 
forming effect of the buds is greater than that of 
the leaves. These results were confirmed, as shown 
in table 3 in the third column. However, in auxin- 
treated acalypha cuttings the leaves are of major 
importance (table 3, column 4), as in hibiscus. 
These results suggest that the root-forming influ- 
ence of acalypha buds is an auxin effect. 

A beneficial effect of leaves on root formation of 
cuttings has been recognized for several years (for 
literature see Went and Thimann, 1937). However, 
Cooper (1935) and Cooper and Manton (1937) 
were the first to study the effect of leaves on cut- 
tings which had received an optimum amount of 
auxin. It is by such experiments that conclusions 
can be drawn as to the existence of root-forming 
factors other than auxin, which arise in the leaf. 

Our grafting experiments also demonstrate the 
presence of root-forming factors other than auxin 



in the leaves of red hibiscus. Although Cooper 
(1938) and Went (1938, 1939) postulate the ex- 
istence of hormonal root-forming substances other 
than auxin, the possibility is not excluded that the 
root-forming factor (or factor complex) of red 
hibiscus leaves may be (in part at least) nutritional. 
Thus, Beal (1940) reported that root formation of 
small isolated sections of bean stems will take place 
in the presence of sucrose and KNOg. In addition, 
Thimann and Poutasse (1941), also working with 
beans, reported a considerable increase in the num- 
ber of roots as a result of treatments with KNO3. 
Investigations are in progress in an attempt to 
learn more about the chemical nature of the root- 
forming factors of red hibiscus leaves. 

Table 3. Effect of the buds and the leaves on the rooting 
of acalypha cuttings , with and without treatment 
with 2 mg fee of indolebutyric acid (IB) by the alco- 
hol dip method, at the base of the cutting. If leaves 
were present, their number was 5. Averages of 20 
cuttings in each series. Age of cuttings 10 days. 


Leaves 

Buds 

Number of roots per cutting 
Without IB With IB 

— 

. 

0.1 ± 0.2 

13.4 ± 4.0 

— 

4- 

4.6 ± 2.0 

9.6 ± 5.8 

+ 

— 

0.8 ± 0.4 

40.0 ± 8.0 


In the ringing experiments mentioned above (fig. 
5), no evidence was found for a purely rectilinear 
basipetal transport of the root-forming substance 
of the leaves of red hibiscus, such as was found by 
Cooper (1936) for indoleacetic acid in the bark of 
lemon cuttings, and Went (1933), for a root-form- 
ing substance in acalypha, which might have been 
auxin also (see above). 

The technique of using shoots of easy-rooting 
varieties as donor for root-forming substances other 
than auxin has opened possibilities for further ex- 
periments. For instance, it has been known for some 
time that cuttings of juvenile forms of many diffi- 
cult plants root with ease. (See Gardner, 1929; 
Stoutemyer, 1937; Thimann and Delisle, 1939; 
Gardner and Piper, 1943). It seems possible that 
in certain cases grafts of juvenile shoots might be 
employed, coordinately with auxin to induce root 
formation in cuttings of old trees of species which 
are hard to root. 
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SUMMARY 


Ruth Wilcox is a difficult-to-root white-flowered 
form of hibiscus. It does not respond to regular 
auxin treatments (fig. 1, table 1). However, if a 
shoot of an easy-rooting red hibiscus is grafted on 
cuttings of the white form an abundance of roots 
is formed provided the base of the white cuttings is 
treated with auxin (fig. 2, table 1). Without addi- 
tional auxin treatment the grafted hibiscus shoot is 
incapable of producing roots. 

These experiments show that for root formation 


on the cuttings of the white form two factors are 
necessary: (1) auxin, and (2) a factor (or com- 
plex) present in the leaves of red hibiscus. The 
downward transport of the second substance takes 
place through the bark and is not strictly rectilinear 
(fig. 5 and 6, table 1). Only further research will 
tell whether the root-forming effect of red hibiscus 
leaves is hormonal or nutritional or both. 

Institute of Tropical Agriculture, 

Mayaguez, Puerto Rico 
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NEW EVIDENCE ON THE TELOPHASE SPLIT IN TODEA BARBARA 1 

Irene Manton 


Ultraviolet microscopy has been used sparing- 
ly in cytology in recent years (Lucas and Stark, 
1931; Cole and Sutton, 1941). The photographs 
which accompany this paper illustrate the type of 
results which are being obtained with ultraviolet 
light, of 275 fx ii wave length, by means of new 
methods recently devised for the study of spiral 
structure in the somatic chromosomes of Osmunda 
(Manton and Smiles, 1943). In extending the en- 
quiry to the closely related genus Todea , no further 
change in technique has been introduced, and the 
reader is therefore referred to the paper on Os- 
munda for full details. Some knowledge of the gen- 
eral principles involved is necessary, however, for 
the critical assessment of the new data, and the 
procedure will be described in outline. The appa- 
ratus used is that at the National Institute of Medi- 
cal Research, Hampstead, London, and I am deep- 
ly indebted to the authorities and staff of the Insti- 
tute for research facilities freely placed at my 
disposal. 

The genus Todea is very near to Osmunda taxo- 
nomically and resembles it so closely cytologically 
that for most purposes the two are indistinguish- 
able. Unpublished photographic evidence shows 
that the chromosomes of Todea agree with those of 
Osmunda in number, size, distribution of ehiasmata, 
and in details of spiral structure at most stages of 
mitosis and meiosis. The published photographs of 
Osmunda (Manton, 1939; Manton and Smiles, 
1943) may, therefore, be quoted to illustrate the 
general manifestations of spiral structure in both 
genera; and the somewhat different response which 
one tissue of Todea has given to the spiral struc- 
ture treatment, and which has provided the new 
evidence to be described, is not thought to indicate 
any fundamental difference between them. 

Material and methods. Treatment of the speci- 
men. — The new evidence to be described here re- 
fers to a single preparation made from a culture 
of freshly gathered spores of the fern Todea bar - 
bara, sown in water at 80 °F. in January, 1942. On 
the fifth day from sowing most of the spores had 
germinated and were in various stages of the third 
nuclear division. They were then fixed over-night 
in 1:3 acetic-alcohol after preliminary treatment 
for spiral structure. The preliminary treatment 
consisted in immersing the living spores in 50 per 
cent alcohol made alkaline with a drop of strong 
ammonia for six minutes before fixation. 

After fixation the spores were smeared in aceto- 
earmine (cf. Manton and Smiles, 1943) and the 
coverslip was ringed. The preliminary observations 
were carried out on the liquid mount and a number 
of photographs were taken. The specimen was then 
transferred to Canada balsam by McClintock’s 
method. 

1 Received for publication January 15, 1945. 


Some of the photographs of one cell in late ana- 
phase were published in a note in Nature (Manton, 
1942). A year later the balsam was dissolved away 
and the same cell was examined photographically 
with ultraviolet light after removal to a quartz 
slide by means of Welch’s stripping method (cf. 
Manton and Smiles, 1943). Before exposure to the 
ultraviolet light the cell was decolorized by soak- 
ing for some hours in 45 per cent acetic acid and 
was then mounted for photography in that liquid. 
Careful comparison of the two sets of photographs 
both of this and of other cells in the preparation 
show very close agreement between them except for 
a certain amount of shrinkage of the specimen. 
Such shrinkage was encountered on the previous 
occasion and is somewhat more marked here- owing 
to the additional handling involved in the interim 
balsam mounting. In spite of this, the improved 
resolution in the ultraviolet photographs provides 
so much new information that only a selection will 
be published. 

Late anaphase of the third spore division. — 
Figures 1 and 2 are the two visual light photo- 
graphs published in Nature (Manton, 1942). They 
represent corresponding parts (though not the 
whole nucleus in either case) of two superposed 
sister plates of chromosomes. The protoplasm in 
which they lie is still undivided but it has been 
squeezed out of its cell wall by momentary pres- 
sure applied to the coverslip for this purpose, in 
making the original acetocarmine mount. The chro- 
mosomes are not unduly damaged although some of 
them, especially those pointing approximately along 
the direction of movement of the protoplasm, have 
been considerably stretched — a stretching which 
has revealed significant structure. The chromo- 
somes at right angles to the direction of flow have 
been far less distorted, and they still retain recog- 
nizable traces of spiral structure (as the ultraviolet 
photographs will best reveal), to the extent which 
is customary at this stage. 

Figure 3 is an ultraviolet photograph at approxi- 
mately the same focal level as figure 1 and at the 
same magnification. The object appears inverted, 
owing to the fact that it was turned over in re- 
mounting for the ultraviolet microscope in order to 
minimize the thickness of protoplasm overlying it. 
The shrinkage will also be noticed. 

Figures 4a-6d contain selected details from ultra- 
violet photographs at twice the magnification of the 
preceding — a degree of enlargement which is legiti- 
mate with the improved resolution attained. Three 
separate sequences are represented out of the com- 
plete series of 32 significant exposures made at dif- 
ferent focal levels through the whole extent of both 
the superposed nuclei. In each sequence the differ- 
ent levels are distinguished by letters of the alpha- 
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Fig. 1-3. Chromosomes at anaphase of the third spore division in Todea barbara , X 2000. — Fig. 1-2. The two 
photographs published in Nature (Manton, 1942) showing corresponding parts of sister plates of chromosomes.— 
Fig. 3. The same nucleus as in figure 1, photographed with the ultraviolet microscope. For further description see text. 


bet; the distance between adjacent levels being rable, if not separated, threads are present in one 

0.2 fx in each case. of the least distorted of the chromosomes. To what 

The sequence of figures 4 a-d may be passed extent the actual degree of separation observed has 

over briefly since it contains the chromosomes pre- been enhanced by the treatment is uncertain but 

viously commented upon in Nature. The peripheral whether natural or artificial it is of considerable 

chromosomes; pointing in the direction of move- interest to find that the two half -chromosomes can 
rnent of the protoplasm; have been very much separate laterally while still in the spiral con- 
stretched and in one of them “two distinct and figuration without interlocking at the gyres of the 
separate threads have been forced widely asunder” spiral. The probable meaning of this is discussed 
(Manton, 1942). These two threads are still visible below. 

in the ultraviolet series though they now lie less Figure 6 a-d is from another part of the same 
conveniently in one focal plane. Stress will not, nucleus but from the opposite side and therefore 
however, at the moment be laid upon them, for also unaffected by the dispute. The chromosomes 
their validity as evidence of splitting has been dis- in this sequence are again stretched, though to a 
puted (Koller, 1942; Thomas, 1942) on the ground less extreme degree than those of figure 4. The 
that the particular chromosome concerned was not spiral structure has been effaced, or nearly so, by 
a normal one but was a dicentric bridge. My opin- the stretching, as in parts of figure 4, though in a 
ion that such an interpretation is unfounded has few places it is detectable, e.g., near the tip of the 
already been expressed (Manton, 1942a) and it is central chromosome where the coiling in each half 
not necessary to deal with this dispute in detail is almost certainly left-handed. The central cleft 
here for at most it affects only the one chromosome. is again visible, in this case most clearly seen near 
The sequence of figure 5 a-e is from the sister the end of the middle chromosome of figure 6c ; but 
nucleus of figure 2 though at a lower focus than in other places the number of distinct and separate 
that figure. The most instructive chromosome is threads can be seen to be, not two, but no less than 
that marked by an arrow in figure 5 a and e; it lies four. All four are simultaneously detectable at the 
roughly at right angles to the direction of figure 4 distal end of the upper chromosome in figure 6c 
and it is relatively undistorted. Two observations while three strands can be seen simultaneously in 
of importance can be made on this chromosome and several places in this and other focal levels, 
to some extent on others in the field. In the first If it were not for the dispute concerning the 
place the light central region, visible in figures 5 nature of the split chromosome of figure 4, the most 
b-d, is undoubtedly a space since it contains no natural interpretation of the various appearances 
light-absorbing material at any focal level. Second- just enumerated would be that they all represent 
ly, the oblique lines seen on the chromatic struc- chromosomes of fundamentally similar structure 
tures on either side of this space (see especially showing progressively increasing effects of stretch- 
the right side of the chromosome in figure 5d) are ing in the order figure 5, figure 6, figure 4; the dis- 
undoubtedly the gyres of spiral structure. This is puted chromosome of figure 4 being merely the 
indicated first by comparing them with the somatic most extreme case of deformation produced on the 
chromosomes of Osmunda in which the number and fixed material by the method of mounting. This 
approximate size of the gyres have been ascertained interpretation is, in my opinion, still the most prob- 
wxth certainty ; and second by the fact that direc- able one. Even without figure 4, however, the evi- 

tion of coiling can be determined, in part of the deuce for marij' -strandedness is plain enough. It is 

chromosome, by observing the changes of apparent impossible to know whether further increase of 
slope of the gyres at different focal levels. The resolution would detect additional subdivisions in 

slope of the arrows in figures 5 a and c is similar the quarter-chromosomes of figure 6. It is, how- 
to that of the gyres to which they point and for at ever, clear from this cell that the chromosomes of 

least three turns in the left half-chromosome the Todea are not single, coiled threads, but that they 
direction of coiling is right handed. are at least quadripartite at a late stage of ana- 

The importance of figure 5 a-e is first in the con- phase, 
firmation it provides that two distinct and sepa- Late prophase of the third spore division.— 





Fig. 4-6. Ultraviolet photographs of the same cell seen in figures 1-3, X 4000. — Fig. 4 a-d. Sequence of exposures 
03 fi apart through the disputed region on the left of figures 1 and 3. — Fig. 5 a-e. Sequence of exposures 0.2 /jl apart 
through a part of the sister nucleus to figure 4. — Fig. 6 a-d. Sequence of exposures 0.2 fi apart from the nucleus 
shown in figure 5. Further description in text. 
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Figures 7—15 are from a prophase nucleus original- 
ly on a different part of the same preparation as 
the preceding and therefore belonging to a different 
prothallus. As before., the protoplasm and nucleus 
had been squeezed out of their cell wall in making 
the mount but in this case the cell contents had be- 
come separated from the rest of the spore. There 
is, therefore, only presumptive evidence, from the 
general uniformity of the culture, as to which divi- 
sion is concerned, but it was probably the third. 

The nucleus is very beautifully displayed, the 
pole field being uppermost, and there is no detect- 
able deformation in it. Figure 7 shows it in the 
stained condition in balsam, figure 8 gives a larger 
view of the upper surface as seen with visual light 
in the original acetocarmine mount, while figure 9 
is a corresponding level as seen with the ultraviolet 
microscope. The shrinkage recorded in the preced- 
ing specimen is again displayed. 

One chromosome in the visual light photograph 
(fig. 8) is marked with arrows. The centromere of 
this chromosome is practically terminal and the two 
chromatids lie well apart in the upper half of the 
chromosome, though they twist about each other 
below. Their knobby appearance is certainly re- 
lated in some way to the developing spiral struc- 
ture, though the exact details of this relationship 
are not fully elucidated at this stage. Between the 
arrows, however, not two but four separate strands 
were detectable even with visual light. Three are 
in focus in the plane of figure 8 and a fourth lay 
at a deeper level. This chromosome unfortunately 
proved to be somewhat opaque to ultraviolet light 
and the three focal levels reproduced as figure 10 
a-c are less fully informative than are some of the 
other chromosomes elsewhere in the plate; they 
may nevertheless have some comparative interest. 

The most instructive region of the nucleus when 
studied with ultraviolet light is that near the cen- 
tral arrow in figure 11. The focal level here is low 
and close to the bottom surface of the nucleus. The 
distal ends of several chromosomes are seen, in part 
overlaid by the shadow of the nucleolus which lies 
above. Enlarged details appear in figures 13, 14, 
and 12 a-f. 

In all the chromosomes distinguished by arrows 
in figures 12-14, and perhaps elsewhere also, a 
chromatid is resolved into two separate components, 
in the original prints at any rate. The most exten- 
sive length of separation is in the lower chromatid 
of the right hand chromosome of figure 12 c-d. This 
separation was also just detectable in the corre- 
sponding visual light photograph though it is doubt- 
ful whether the appearance would survive the proc- 
ess of half-tone reproduction and it is not included 
in the plate. Traces of spiral structure are also 
manifested in this chromatid. 

In all these examples the components of the chro- 
matids are approximately equal in thickness; in 
certain places, however, they are unequal. Thus in 
figure 15 b-c a delicate thread has separated from 
a stouter one in the part of the upper chromosome 


marked with an arrow. Whether such a delicate 
strand is less than a half-chromatid or owes its thin- 
ness to some other cause is not known. It is obvious 
that at this point the detection of quarter-chroma- 
tids, if they exist, must again be curtailed by the 
limits of resolution even of light of short wave 
length. It is, however, unnecessary to push the indi- 
cations of finer subdivision any further, for even 
half-chromatids are sufficient for the present pur- 
pose. The evidence from the whole of this nucleus 
indicates that in prophase no less than in anaphase 
a chromosome of Todea seems to be at least quadri- 
partite. 

Before leaving this plate, attention may be called 
to another detail in figures 15 a~c. These figures 
show the centromere ends of two chromosomes 
which are in their setting at the left of figures 8 and 
9. The region of the centromere is in focus in the 
lower of the two chromosomes in figure 15 a and b. 
The chromatids here, as in the upper end of the 
chromosome of figure 10 a—c, are very thin and 
thread-like, but in figure 15b two granular objects 
at slightly different levels are borne on the two 
sides. That these objects are probably not granules 
but gyres of a tiny spiral is suggested by the fact 
that both resolve into two diagonal lines at a lower 
focal level. These diagonal lines are approximately 
in focus in figure 15a though the left side is more 
so than the right. The slope of the diagonal lines is 
indicated by the arrows. 

Interpretation of the evidence. — While al- 
lowance must be made for some loss of clarity in 
reproduction it is hoped that the many-stranded- 
ness at both prophase and anaphase has been dem- 
onstrated. The question may be legitimately raised, 
however, as to the extent to which the appearances 
are artifacts and therefore misleading. That artifi- 
cial appearances are not necessarily misleading is of 
course familiar to every student of spiral structure, 
for the clarity with which the gyres are revealed is 
almost always artificial though the spiral itself is 
not. 

It is perhaps legitimate to suggest that the ob- 
servations just described are trustworthy as evi- 
dence for the points raised in the same sense as were 
the observations on spiral structure made after ex- 
actly similar treatment in Osmunda , observations 
whose trustworthiness has not been questioned. In 
any case it is certain that the details recorded above 
cannot have been introduced into the specimens by 
any of the processes used after the original mount- 
ing in acetocarmine. It is also certain that the aceto- 
carmine mounting alone does not usually cause com- 
parable manifestations of structure, in this or re- 
lated material, without pre-treatment with ammo- 
niated alcohol. Considerable experience of the par- 
ticular pre-treatment in use, on germinating fern 
spores, has shown that obviously pathological effects 
are not involved unless longer periods of treatment 
or higher temperatures are employed, and then such 
effects are of a very different kind and easily recog- 
nizable. Thus chromosomes may become clumped 
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together, swollen, attenuated, pulled out into ap- 
parently structureless threads or occasionally trans- 
versely broken by more extreme treatments or more 
violent handling, but nothing in the specimens de- 
scribed above suggests that either abnormality or 
damage on the scale required has affected them. 
That similar appearances were not revealed in 
Osinunda by similar treatment (cf. Manton and 
Smiles, 1943) is most easily explained, not by pos- 
tulating normality in the one case and gross arti- 
facts in the other, but by the probable existence of 
a relatively minor difference in the powers of cohe- 
sion of the components of the chromosomes in the 
two plants. The gyres separate under the ammonia 
treatment in both cases, but in Todea, unlike Os- 
munda, the lateral cohesion of longitudinally run- 
ning component strands is also affected. The extent 
to which such component strands were spatially 
separated in life is unknown. There is, however, 
nothing to warrant the assumption that they could 
have been produced by the treatment. 

The theoretical consequences of the evi- 
dence, if correct. — If the interpretation of the 
evidence here adopted is correct the results have a 
close bearing on current problems of spiral struc- 
ture. It has been thought by many workers, myself 
included (cf. Manton, 1939), that the spiral in- 
volved in a somatic division must differ in some 
fundamental respects from that at meiosis, for 
whereas the component chromatids involved in the 
large-coiled “major” spiral at the first meiotic divi- 
sion can separate laterally without difficulty, the 
apparent spatial relations of the two chromatids at 
an early somatic prophase seem to indicate that 
they are twisted together and closely interlocked. 
The difficulties entailed by such an interpretation 
have, however, become increasingly apparent in 
recent years; and in a case such as the ring chro- 
mosomes of McClintock (1941), in which lateral 
separation of half chromosomes occurs readily, 
though their geometrical form would appear to pre- 
clude the possibility of unwinding, the idea of in- 
terlocking spirals would appear to be untenable. 

The terminology invented to describe the two 
forms of spirals is somewhat confused owing to 
simultaneous publication by different authors in dif- 
ferent countries. My own terminology (Manton, 
1939) was “twisted spiral” and “non-torsional 
spiral” for the types thought to characterize mito- 
sis and meiosis respectively; Kuwada’s (1940) 
terms for these are “orthospiral” and “anortho- 
spiral”; Matsuura (1941) uses “relational-double- 
thread-spiral” and “parallel-double-thread-spiral,” 


while Sparrow;, Huskins, and Wilson (1940) have 
put the same idea into Greek in the adjectives 
“plectonemic” and “paranemic.” Since the termi- 
nology of Sparrow, Huskins, and Wilson appears 
to be the least liable to misunderstanding I propose 
to adopt it. 

There is little reason to doubt that the spiral at 
the first meiotic division in most plants (cf. Hus- 
kins, 1941, etc.), and certainly in the Osmundaceae 
(see Manton, 1939) is paranemic. The evidence 
from the somatic chromosomes of Todea now 7 indi- 
cates that, contrary to expectation, the somatic 
spiral is also paranemic. This evidence is not only 
strong in itself but is in full accord with much of 
the work summarized by Nebel (1941 ), as well as 
w T ith the behavior of McClintock’s ring chromosomes 
already mentioned. This weight of evidence ap- 
pears to be very nearly, if not quite, conclusive. 

Abandonment of the idea of the plectonemic 
spiral will obviously entail the finding of some other 
interpretation for the early prophase appearances 
on which the idea was originally based. This should 
not prove impossible, for the critical observational 
details involved lie nearer to the limits of visibility 
than does the other evidence now available, and 
therefore the chance of misinterpretation having 
previously occurred is proportionately greater. 

The acceptance of many-strandedness would also 
be of importance in another connection. The argu- 
ment for or against the “telophase split” would 
then seem to be unreal. If a chromosome is at all 
times multiple, “splitting” in any literal sense may 
never occur at all. The multiplication of unit 
strands, if viewed as a chemical problem, may, but 
need not, involve fission of the smallest submicro- 
scopic threads. Chromosome bipartition, on the 
other hand, may possibly only entail the spatial 
separation of bundles of strands each of which has 
long had an individual existence. Expressed another 
way, the central problem of mitosis may be re- 
formulated in two precise questions: (1) By what 
means are a number of potentially separate threads 
coordinated into taking a common spiral path? (2) 
Why are there two such spiral paths at prophase, 
developed so independently of each other that they 
may even (Manton and Smiles, 1943) be coiled in 
opposite directions? No answer can be made to 
these questions as yet, but in formulating them one 
is perhaps drawing nearer to an understanding of 
the processes involved in nuclear division than 
would be possible by merely discussing the reality 
of the telophase split in the old terms. 


Fig. 7-15. Late prophase of the third spore division in Todea barbara. — Fig. 7. The nucleus stained and in balsam, 
visual light, X 1000.— Fig. 8. Upper surface of the nucleus in acetocarmine, visual light, X 2000,— Fig. 9. The same 
as figure 8, photographed with ultraviolet light, X 2000. — Fig. 10 a~c. Ultraviolet photographs of the marked chro- 
mosome in figure 8. X 4000. Focal levels approximately 0.3 ji apart. — Fig. 11, Ultraviolet photograph near bottom 
surface of nucleus, X 3000.— Fig. 12-14. Details of marked regions in figure 11. — Fig. 12 a~f. Sequence of exposures 
0.2 (A apart of region near central arrow in figure 11, X 4000, except for figure 12f, which is X 3000.— Fig. 13. Dis- 
tal end of the chromosome visible in bottom right hand corner of figure 12f, ultraviolet photograph, X 4000. — Fig. 
14. Detail of chromosome marked by left hand arrow in figure 11, X 4000.— Fig. 15 a~c. Detail of centromere ends 
of two chromosomes visible on left in figures 8 and 9; ultraviolet photographs, approximately 0.5 fx apart, X 4000. 
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Further evidence on these topics will be pub- 
lished elsewhere. 


SUMMARY 


In young prothallial material of the fern Todea 
barbara , treated for spiral structure, a cell previ- 
ously photographed and described in a preliminary 
form in a note to Nature (Manton, 1942) has been 
re-examined with the ultraviolet microscope. Much 
additional information on chromosome structure is 
revealed which is thought to be significant. 

In the previously described cell, which is a late 
anaphase of the third mitosis in the germinating 
spore, not less than four component strands appear 


to be present in some chromosomes, while in others 
half-chromosomes which are still in the spiral con- 
figuration appear able to separate laterally without 
interlocking. The probable meaning of both of these 
observations is. discussed. 

This evidence has been amplified by observations 
with both visual and ultraviolet light on a late pro- 
phase nucleus from another prothallus in the same 
material. Evidence of many-strandedness is again 
found and its relation to the problem of the "‘telo- 
phase split” is discussed. 

Botany Department, 

The University, 

Manchester, England 
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THE USE OF THE C 13 ISOTOPE AS A TRACER FOR TRANSPORT STUDIES 

IN PLANTS 1 

G. S. Rabideau 2 and G. 0 . Burr 


Current views on the rate, mechanism and site 
of translocation of organic and inorganic materials 
in plants are based on the results of experiments of 
many types. The various tissues and organs of nor- 
mal and surgically or chemically treated plants have 
been quantitatively analyzed either for normal con- 
stituents (e.g., sugars, organic nitrogen, hormones, 
vitamins or salts) or for introduced indicators such 
as dyes, viruses and isotope-containing compounds. 
The results of this work have been summarized 
and critically discussed in several recent reviews 
(Munch, 1980; Curtis, 1985; Mason and Phyllis, 
1937; Both, 1937; Dixon, 1938; Crafts, 1938, 
1939). 

Much of the recent work on translocation and 
uptake of inorganic materials by plants has been 
done with isotopic tracers. The first study of plant 
transport using radioactive materials was made by 
Hevesv (1923) with radioactive lead. Gustafson 
and Darken (1937) and Gustafson (1939) found 
evidence of upward movement of minerals in both 
the phloem and xylem of Sedum and Bryophyl - 
him, using radioactive phosphorus, P 32 , Stout and 
Hoagland (1939) studied ion uptake and demon- 
strated lateral transport of radioactive phosphorus, 
sodium, and potassium in barley plants. Biddulph 
(1911) showed that the upward movement of radio- 
active phosphorus takes place in the xylem tissue 
of bean plants. Biddulph and Markle (1914) found 
that the downward movement of radioactive phos- 
phorus from cotton leaves occurs in the phloem tis- 
sue. Colwell (1912) reported certain conditions un- 
der which the transport of P 32 absorbed by the 
leaves of squash plants could be limited to the 
phloem of killed stems. Overstreet and Brover 
(1910) have used radioactive carbon, C 11 , in bicar- 
bonate in studying ion exchange by the roots of 
barley plants. 

Because of their obvious advantages, the mass 
isotopes of carbon, hydrogen, oxygen and nitrogen 
and the radioactive isotope of carbon, C 11 , have 
been used in many studies of intermediary metabo- 
lism, too numerous to mention here. C 11 serves well 
as a tracer in short-time studies (Van Niel et al ., 
1942), but its half-life of 21 minutes limits its use- 

2 Received for publication February 25, 1945. 

The authors gratefully acknowledge the assistance of 
Dr. A. O. Nier of the physics department and Dr. Wal- 
lace Armstrong of the department of physiological chem- 
istry. Grants from the Rockefeller Foundation and the 
Graduate School of the University of Minnesota made 
this work possible. 

2 The experimental data in this paper are taken from 
a thesis submitted to the faculty of the Graduate School 
of the University of Minnesota by G. S. Rabideau in 
partial fulfillment of the requirements for the degree of 
Doctor of Philosophy. 


fulness for measuring translocation. Heavy car- 
bon, C 13 , can be used over any period of time and 
the samples stored for analysis. 

Belkengren (1941) used the C 1 3 isotope as a 
tracer in photosynthesis and translocation studies 
with young bean plants. He measured the rate of 
movement of newly-assimilated C 1 3 from leaf to 
root, and the rate of accumulation of C 13 in several 
chemical fractions of the root, stem, and leaf. Both 
observations yielded evidence that about 2 hours 
are required for the synthesis of carbohydrate and 
its transport in sufficient quantity to be detected at 
a distance of 30 cm. from the point of synthesis. 
Exposure of the leaves to tagged COo in the dark 
failed to demonstrate transport of unassimilated 
CO 2 in the inorganic fraction, thus confirming the 
work of Miller and Burr (1985). 

In the present paper, CCD enriched with C 1 3 is 
used as a tracer in order to study (1) the limitation 
of the movement of photosynthate to living tissue, 
and (2) the degree of cross transport of the labeled 
photosynthate between the primary leaves of the 
bean plant. 

* Experimental methods. — The bean, Pkdseolus 
vulgaris L. hort, var. Kentucky Wonder, was grown 
by the liqpid culture method using a Shive four-salt 
solution as modified by Wolkoff (1918): 

1.5 millimoles (NHDoSGj per liter of culture solution 
2.7 millimoles KH 2 P0 4 per liter of culture solution 

7.5 millimoles MgS0 4 .7H 2 0 per liter of culture solution 
10.0 millimoles Ca ( NOg ) 2 .4H L »0 per liter of culture 

solution. 

To each liter of the above culture solution there was 
added a 5 ml. portion of the following trace element 
solution : 

0.08 millimoles C 11 SO 4 . 5 H 2 O 
0,6 millimoles MnS0 4 .7H 2 0 
0.6 millimoles ZnSO^THoO 

2.6 millimoles H 3 BO 4 
1 liter of distilled water. 

A few milligrams of ferric citrate were added to 
each culture jar as a source of iron. The bean seeds 
were soaked, husked, and placed in petri dishes 
over moist filter paper until the roots were about 
2 cm. long. They were then placed on perforated 
iron plates or large mesh screen and set over jars 
containing the above culture solution. Any support 
needed by the stems was furnished by rings of plas- 
ticine which did not injure the tissues. These plants 
were grown at room temperature under continuous 
illumination from a hank of tungsten bulbs. A 19 
cm. water filter as used by Beber (1937) removed 
most of the harmful infra-red light. The incident 
intensity on the leaves was about 100 foot-candles 
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when measured with a photronic cell. The plants 
were ready for use when about 15 days old. At this 
time each leaf was about 50-75 sq. cm. in area; the 
stem (root to primary leaves) was about 20 cm. 
long; and the stem tip (primary leaves to stem 
apex ) was about 6-10 cm. long, with the secondary 
leaf at, or very near, the apex of the stem tip. Dur- 
ing some of the experiments the primary leaves 
were enclosed in separate glass photosynthesis 
chambers, each of 1.2 liters volume, using soft 



Fig. 1. Die Van Slyke apparatus used for the combus- 
tion of leaf tissue samples. Modifications consist of a 
“tee” tube and a gas sample bulb attached at the 7 /2o 
standard taper joint. This allowed for the evacuation of 
the sample bulb and the transfer of the carbon dioxide 
gas to the sample bulb. 

plasticine to seal the petioles in the notched cham- 
bers. In this manner one or both leaves could be 
exposed to light and to C0 2 enriched with the C 13 
isotope. The movement of the tagged photosyn- 
thate to various plant parts was followed by acid 
digestion of selected tissues or tissue extracts, and 
the subsequent analysis of the C0 2 for heavy car- 
bon with the mass spectrometer. 

The C0 2 enriched with C 1 3 was obtained from 
Ba (■();; prepared by the combustion of a heavy 
methane produced, in the thermal diffusion column 
described by Nier and Bardeen (1911), The en- 
riched C0 2 from the combustion of this methane 
was absorbed in NaOH and later precipitated as 
BaCO; { by the addition of BaCl 2 solution. The car- 
bonates prepared by this method contained 8 to 14 
per cent of the C 13 isotope. The C0 2 was liberated 


from this BaCO*> as needed by the addition of 
dilute lactic acid, and forced into the photosynthe- 
sis chambers from a burette by displacement with 
mercury. 

A Carpenter-Haldane (1928) gas analysis appa- 
ratus with a burette volume of 40 cc. was used to 
determine the initial and final concentrations of 
C0 2 in the photosynthesis chambers. In addition, 
whenever possible, a sample of the chamber gas 
was drawn through NaOH by aspiration and the 
absorbed C0 2 /was analyzed with the mass spectro- 
meter to give the initial concentration of C 1:1 . In 
some cases, enough C0 2 remained in the photosyn- 
thesis chamber at the close of the experiment to 
afford a final analysis for C 13 . 

A modified Van Slyke apparatus (fig. 1) and the 
reagents of Van Slyke and Folch (1940) were 
used for the conversion qf tissue carbon to C0 2 
prior to isotopic analysis. The C0 2 sample col- 
lected in the burette was then allowed to flow in- 
to an evacuated bulb attached to the apparatus 
through a ground glass joint. These C0 2 samples 
were analyzed with a 60° mass spectrometer de- 
signed by Nier (1940) for rapid and accurate 
analysis of isotopes. The results of deflection meas- 
urements of mass peaks 45 and 44 were not ex- 
pressed as per cent C 1 : *0 2 in the total C0 2 , which 
would be : 

mass 45 

X 100, 

mass 14 + mass 45 

but rather the ratio of: 

mass 45 

X 100. 

mass 44 

Since the mass spectrometer gives values of the 
latter ratio, and since the correction to per cent 
values is small for the relatively low ratios used in 
this work, these ratios were not corrected to per 
cent C 13 . Nier and Gulbransen (1939) state that 
the relative abundance of C 13 in ordinary atmos- 
pheric C0 2 is about 1.09 per cent, but that the 
heavy oxygen, O 17 , present in the C0 2 increases 
this value to about 1.18 for the ratio of mass of 45 
to 44 X 100. The ratios reported in this paper were 
not corrected for oxygen, mass 17. The maximum 
error is ± 0.01. 

Since the mass spectrometer had a small amount 
of dark current which varied from day to day, values 
of a certain sample measured one day differed slight- 
ly from those obtained on the following day. To cor- 
rect for this daily variation, it was customary to run 
a sample of standard C0 2 daily. This standard was 
prepared from a carbonate reserved for this purpose. 
Ft was assumed that there was no C 13 variation in 
this standard sample and that any observed varia- 
tion in its analysis was attributable to the mass 
spectrometer itself. By subtracting this small fluc- 
tuation from each sample value obtained on that 
day, ratios were obtained which could be compared 
directly with ratios obtained on other days. 
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Results. — Transport experiments with normal 
stem plants . — Three healthy bean plants were se- 
lected. The paired primary leaves of plant 1 (fig. 
2) were sealed in photosynthesis chambers and one 
leaf was exposed to enriched (XL. The fed leaf was 


MASS 



PLANT I PLANT 2 PLANT 3 


Fig. 2. Schematic representation of the results of 
transport experiments using CJ3 and normal plant stems. 
Plant 1 is entire, plant 2 has the stem tip removed, and 
plant 3 has both the stem tip and one leaf removed. Non- 
illuminated chambers are represented by stippled areas. 
Each figure is the mean of at least two determinations 
and is relative to a ratio of 1.16 ± 0.01 for normal plant 
tissue. The ratio of the CCL fed to the illuminated leaves 
is 9.0. 


of photosynthesis in enriched (XL was cut into 
three sections which were placed basal end down- 
ward in a medicine dropper. This dropper was 
mounted in rubber in a 10 cc. centrifuge tube and 
the whole assembly centrifuged at about 1500 r.p.m. 
for an hour to extract the ‘Tracheal fluid” accord- 
ing to the method of Hamm et al. (1941). The fluid 
was dried and the residue, as well as samples of the 
stem tipi taken before and after centrifugation, were 
oxidized to CO 2 in the Van Slvke apparatus and 
the isotopic ratio determined with the mass spectro- 
meter. The results in table 1 show that this method 
does not effectively separate the stem fluids into 
fractions which are rich and poor in new plioto- 
synthate. 

Table 1. Results of the “tracheal fluid ” experiment. 
Each ratio of mass jo/44'® 100 is the mean of two 
determinations and is relative to an isotopic ratio of 
1.16 for normal plant tissue. 


Material Mass 45/44 X 100 

Fed stern before centrifugation 1.49 

Fed stem after centrifugation 1.41 

Fed stem centrifugate 1.43 


exposed to water-filtered tungsten light of about 
300 foot-candles incident intensity while the unfed 
leaf was kept in the dark. After 43 hours exposure 
to light, the plant was removed and short sections 
of the stem, stem tip, root tips, and of each primary 
leaf were separately burned to CCL in the Van 
Slyke apparatus and the isotopic carbon ratio de- 
termined as described above. 

The stem tip of plant 2 (fig. 2) was cut off just 
above the primary leaf node and the plant was sub- 
jected to the same conditions as plant 1, except that 
the duration of the experiment was 24 hours. 

One primary leaf and the stem tip of plant 3 
(fig. 2) were removed close to the primary leaf 
node, and the remaining primary leaf was enclosed 
in a glass chamber and exposed to labeled CO 2 and 
to light for a period of 18 hours. 

The results, shown graphically in figure 2, indi- 
cate the amounts of new photosynthate present in 
each region. Removal of the tip or the opposite 
primary leaf did not stop the downward transport 
to the root tips. 

Assuming that all new carbon compounds made 
from the fed CO 2 had a mass ratio of 9.0 it can be 
calculated that in plant no. 1 the analyzed tissues 
contained the following percentages of new car- 
bon: stem tip, 32.4 per cent; leaf, 41.3 per cent; 
stem between leaf and cotyledon, 3.1 per cent; stem 
between cotyledon and root, 6.9 per cent; root tips, 
12.0 per cent. Large amounts of labeled photosyn- 
thate were transported upward and downward to 
metabolieally active regions. The little present in 
the stem may be largely soluble compounds in tran- 
sit. The following attempt was made to fractionate 
the stem fluids. The stem above the primary leaves 
of a bean plant which had just concluded a period 


Further investigation of this problem was made 
by the use of a method which shows the relation- 
ship between the amount of G 13 in a tissue and its 
growth. The stem above the primary leaves of a 
normal bean plant was marked off in approximate 

* FINAL LENGTH RATIO 

LENGTH I NCREASE EXCESS 

CM. OVER i.15 

.68 .904 

.83 .774 

1.23 .874 

1.30 .814 

.79 .703 

.46 .583 

,15 .346 


Fig. 3. Results of the stem elongation experiment. Col- 
umn 1, final stem length. Column 2, increase in length 
over original stem length. Column 3, ratio increase over 
the ratio of 1.16 for (XL mass 45/44 X 100 for normal 
plant tissue. 

millimeter divisions with India ink. The distances 
between the marks were measured and recorded. 
The primary leaves were then placed in photosyn- 
thesis chambers and exposed to incandescent lamp 
illumination and to heavy (XL for a period of 22. 
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hours. The plant was then left in the dark for an 
additional 24 hours. The stem was 9 cm. in length 
when marked and 14.2 cm. in length after 46 hours, 
the duration of the experiment. The distances be- 
tween the marks were remeasured and recorded. 
The stem was sectioned at the marks and each sec- 
tion was oxidized separately in the Van Slyke 
apparatus and its C0 2 analyzed for C 1d . The re- 
sults of this experiment are shown in figures 3 and 4. 



DISTANCE FROM STEM APEX IN CM. 

Fig. 4. Stern elongation experiment. Ordinate: solid line 
is the increase in stem length over the original length; 
broken line is the ratio excess of C0 2 mass 45/44 X 100 
over a normal tissue ratio of 1.16. Abscissa is the distance 
from the tip of the stein. 

These results show a correlation between the 
ratio excess of C 1 * * and the growth rate. The large 
accumulation of C 13 in the meristematic region of 
the stem tip shows incorporation of the heavy car- 
bon into the newly formed cells as w r ell as into 
elongating cells. The two regions of greatest incor- 
poration of new' photosynthate (the extreme tip and 
the rapidly elongating region) are separated by a 
region of somewhat lower activity. 

Transport experiments with plants having killed 
stems , — Three similar bean plants w r ere chosen and 
sections of the stem were killed with hot wax ac- 
cording to the following method of Overton (1911) : 
A pvrex glass tube of 2 cm. bore was slipped over 
the stem, the lower end plugged with a split cork 
and cotton, a thin layer of melted beeswax (6.0° C.) 
was poured in and allowed to harden. This w T as 
followed by a layer of melted beeswax (100° C.), 
which killed the adjacent tissue as does the scald- 
ing method described by Overton and used recently 
by Colwell (1942). Such plants lived and were able 
to carry on photosynthesis for several days after 
being treated in this manner. 

Two 6 cm, sections of plant 4 w f ere killed, in the 
middle of the stem above the primary leaf node, 
and in the middle of the stem below the primary 
leaf node (fig. 5). One 3 cm. section of the stem 
was killed on each of plants 5 arid 6, the killed 
section being below tire primary leaf node on plant 


5 and above the primary leaf node on plant 6. At 
least one day was allowed to elapse between the 
killing and the exposure to tagged C0 2 . The pri- 
mary leaves were then sealed in the photosynthesis 
chambers, and one leaf of each plant was exposed 
to light and to enriched C0 2 for 24 hours. 

The results of burning sections of whole tissue 
in the regions indicated in figure 5 show that, al- 
though the leaves of the plants with killed stems 

MASS 

4544 X 100 




Fig. 5. Schematic representation of the transport of 
CIS through killed stems. Plant 1, a normal plant, is 
included for comparison. Unilluminated chambers are 
stippled, while killed stem sections are black. Each figure 
is the mean of at least two determinations and is relative 
to a ratio of 1.16 for normal plant tissue. Initial ratio 
of C0 2 introduced into chambers: Plant 1, 9.0, plant 2, 
10.2, plants 3 and 4, 9.1. 

carried on photosynthesis and accumulated high 
concentrations of C 13 , no detectable amount of 
isotopic photosynthate w r as conducted through the 
killed areas in contrast to the ready conduction by 
normal tissues. Subsequent combustion of the killed 
section itself showed no excess of C 1 3 in this re- 
gion, indicating the effectiveness of the stoppage 
of movement of photosynthate. An extension of 
this experiment using a more sensitive method for 
the detection of the labelled photosynthate con- 
sisted of burning the solids obtained by 80 per 
cent alcohol extraction of the stem section above 
and below' the killed areas. These results are given 
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In table 2. They further demonstrate that photo- 

Table 2. Ratio analyses of soluble carbohydrate extracts 
(SO per cent alcohol) of the stem sections. Experi- 
ment A, wax-killed stem whose leaves were exposed 
to CM, and experiment B, a normal stem whose leaves 
were not exposed to 6 r u*. 


Experiment Location of sample Mass 45/44 X 100 

A Killed section to fed leaf. . . . 2.50 

Below' killed section 1.168 

B Normal stem 1.153 


synthate containing the tracer isotope C 18 did not 
move in appreciable amounts through areas of the 
stem in which the living cells had been killed by the 
hot wax treatment. The very slight excess of the 
fraction from below the killed section over the ratio 
for normal non-fed stems might indicate that a trace 
passed through the killed tissue, but the excess is 
almost insignificant, since normal non-fed stems 
were found to have ratios which varied as much as 
the ratios in question. 

The completeness of the blockage to upward 
movement is further illustrated by plants 5 and 6. 
Both tips were normal in appearance and were 
receiving an adequate water supply. If one-half of 
one per cent as much new photosynthate had gone 
to the tip of plant 6 as went to the tip of plant 5 
the mass ratio would have been 1.185, a value out- 
side the experimental error. Hence, it is likely that 
less than this amount of new organic material 
crossed the barrier. This sets the upper limit of 
transport in the transpiration stream of a killed 
stern at less than 1 per cent of the total in a normal 
stem. 

Results of simultaneous transport experiments 
with radioactive phosphorus and heavy carbon . — 
Although it was concluded from the fact that the 
bean plant lived and carried on photosynthesis for 
as long as 14 days after a 3 cm. section of its stem 
had been killed with hot wax, that the killed section 
still allowed the passage of water, it seemed de- 
sirable to see whether an inorganic tracer such as 
radioactive phosphate might traverse the killed 
section while the leaves were being exposed to 
enriched COg. Accordingly, 5 cc. of a solution con- 
taining 355 mgm. of NaoHPC^ in 50 cc. of water 
and originally containing 6 microcuries of radio- 
activity, but which was well decayed at the time of 
its use, were used to cover the roots of a bean plant 
which was simultaneously using C 1 8 Og in photo- 
synthesis. After the selected tissues were burned 
in the Van Slyke apparatus for C 1 8 analysis, the 
inorganic residue remaining in the combustion fluid 
was analyzed for radioactivity with a sensitive 
Geiger counter and a Herbach-Rademann amplifier. 
All combustion fluids were diluted to 10 cc. Ex- 
actly 3.32 cc. of each solution were used in the 
counter tube. The total counts were allowed to accu- 
mulate over a period of such length as to make the 
probable error less than 1 per cent. According to 


Barnes and Salley (1943) the probable error for 
any period is defined as: 

± 0.67 j total number of observed 
\ counts for the period. 

To make an error of less than 1 per cent, more 
than 4500 counts must be accumulated. Since these 
accumulated counts are relative to an ever-present 
background count, one of the latter counts was 
made with distilled water or with normal combus- 
tion fluid each day. The results of simultaneous 
feeding experiments performed with a normal 
plant, number 7, and a plant with a section of killed 
stem, number 8, are shown in figure 6. When cor- 

MASS RADIOACTIVE MASS 



PLANT 7 PLANT 8 

Fig. 6. Results of simultaneous transport experiments 
using radioactive phosphorus and heavy carbon. The COg 
mass 45/41 X 100 ratios are expressed in the outside 
columns, while the results of the Geiger counter deter- 
minations are shown in the center columns. Radioactivity 
measurements were made on the illuminated leaf mate- 
rial rather than on non-illuminated leaf material as the 
above diagram indicates. These Geiger counter deter- 
minations are all single determinations, uncorrected for 
a background count of 15 counts per min. The CCL ratio 
analyses are means of at least two analyses and are 
relative to a ratio of 1.16 for normal plant tissue. Non- 
illuminated leaves are stippled areas. Killed stem sec- 
tion is area in black. 

rected for a background of 15 counts per minute, 
it is found that the concentration of P 82 in the leaf 
of plant 7 is 2.1 per cent of that in the root while 
the leaf in plant 8 had a concentration of 1,6 per 
cent of that in the root. Hence the transport of 
inorganic phosphorus has been retarded very little 
by the injury which completely blocked the down- 
ward movement of organic matter. 

Experiments on cross transport to the opposite 
primary leaf. — While carrying out the preceding ex- 
periments, it was noticed that under the conditions 
in which one primary leaf was exposed to light and 
to enriched COg, the opposite primary leaf did not 
accumulate any of the heavy isotope. This lack of 
cross transport suggested the following study: Sam- 
ples were obtained from the leaves of plants after 
one leaf of each plant had been exposed to light 
and to enriched -COg. In the first experiments, the 
C 12 leaf (as the leaf which was not exposed to the 
enriched COg is designated), was exposed to light 
and to COg of ordinary isotopic ratio. When results 
did not indicate cross transport of C 1 8 into the C 1 2 
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leaf, the feeding of ordinary C0 2 to the C 12 leaf the C 12 leaf and had been exported again before 

the time of the final ratio analysis of the leaf tissue, 
an extension of experiment 6 in table 3 was made 
in which a small leaf punch was taken from the C 12 
leaf at intervals and burned for analysis of CO«> 
for C 13 . 

The results in table 4 show that at no time was 
there any excess of the C 13 in the unfed leaf. The 
deviations from the means of the above ratios are 
about the usual variation observed when low-ratio 
samples are measured with the mass spectrometer 
on successive days. Anatomical studies of the bean 

Table 3. Result# of the studies of cross transport to the opposite primary leaf . Group A includes normal-stem 
plants. The 0*2 leaf in experiments 1-3 was exposed to light and to C0 2 of the ordinary isotopic ratio. In all 
further experiments this leaf was not exposed to added C0 2 and was kept in the dark. Group B is composed 
of killed-stem bean plants , In experiments 8-11 the plants had killed stem sections below the primary leaf node , 
such as plant 3, fig. 3. In experiment 13 is a plant with a killed stem section above the primary leaf node such as 
plant 6, fig. 3. In experiment 13 is a plant with killed stem sections both above and below the primary leaf node 
such as plant 4, fig. 3. Group 0 includes normal-stem bean plants similar to Group A , the difference being that 
while the ratio analyses were made on C0 2 samples obtained directly from the combustion of leaf sections in 
Groups A and B, the ratio analyses for Group C were made on the soluble carbohydrate extract as described 
m the text. Ratios are the means of at least two determinations and are relative to a normal tissue ratio of 
1.16. j indicates that the leaf was illuminated. 


was discontinued, and the leaf kept in the dark 
with no added 0O 2 . While most of the ratio analy- 
ses were made on CO> from the combustion of 
whole leaf tissue, in later experiments, the C0 2 
from the combustion of the soluble carbohydrate 
extract (80 per cent alcohol) of the petiole and the 
main veins of the leaf was analyzed. Bean plants 
were used which had both normal and killed stems. 
Some experiments were made on plants from which 
the stem tips had been removed as in plant 2 in 
figure 2. The results in table 3 show that the iso- 


Group 

Experiment 

number 

Mass 

45/44 X 100. 

leaf leaf 

Millimoles 

Ci«0 2 C12 °ii 

fed fed 

Sample 

Duration 

of 

experiment 


1 

4.00 

1.18 

1.50 4 

1.50 4 

leaf tissue 

24 hours 


; 2' ■ 

3.70 

1.16 

2.20 4 

2.50 4 

tissue 

30 hours 


3 

3.90 

1.15 

3.20 4 

2.204 

tissue 

34 hours 

A 

4 

2.05 

1.16 

1.27 4 

0.00 

tissue 

24 hours 


5* 

3.33 

1.15 

1.10 4 

0.00 

tissue 

24 hours 


6 

3.70 

1.15 

1.70 4 

0.00 

tissue 

43 hours 


1 

2.52 

1.16 

1.12 4 

0.00 

tissue 

114 hours 


8 

2.15 

1.15 

0.85 4 

0.00 

tissue 

35 hours 


9 

3.20 

1.16 

1.20 4 

0.00 

tissue 

32 hours 


10 a 

3.30 

1.17 

1.48 4 

0.00 

tissue 

24 hours 

B 

11 

4.20 

1.25 

0.98 4 

0.00 

tissue 

24 hours 


12 

3.31 

1.15 

1.10 4 

0.00 

tissue 

22 hours 


IS 

3.18 

1.15 

1.34 4 

0.00 

tissue 

48 hours 

C 

14 

3.57 

1.18 

1.27 4 

0.00 

soluble 

24 hours 


15 

1.34 

1.16 

0,95 4 

0.00 

carbohydrate 

extract 

24 hours 


K Indicates bean plant without stem tip as plant 2, fig. 2. 


topic ratio of C0 2 in the C 12 leaf is unaffected by 
( 1 ) the presence or absence of light and ordinary 
C0 2 in the C 12 leaf chamber, (2) the amount of 
enriched C0 2 fed the C 1 3 leaf, (3) the duration 
of the experiments, (4) the presence or absence of 
stem tips and, (5) killing the stem tissue with hot 
wax. In no ease, except one, was there any sugges- 
tion of transport of tagged photosynthate to the 
opposite primary leaf. This is in sharp contrast 
with the ready transport of the labeled photosyn- 
thate to other parts of the plant, as observed in the 
previous experiments. In one experiment (no. 11) 
which did give slight positive evidence of cross 
transport, there may have been an error in manipu- 
lation. 

To determine whether or not C 1 3 had reached 


plant by Doutt (1932) gave evidence of vascular 
connections between the opposite sides of the stem 
at the primary leaf node. In view of the crossing 
over and anastomosing of vascular tissues, some 
direct transport of heavy carbon into the opposite 
primary leaf might he expected. 

In order to ascertain whether or not the opposite 
side of the stem contained significantly less heavy 
carbon than the side adjacent to the C 1 3 fed leaf, 
the normal stem from experiment 6, table 3, was 
divided In the vicinity of the primary leaf node 
into two equal longitudinal halves, the plane of 
division being perpendicular to the primary leaf 
petioles. Sections of these halves were burned to 
C0 2 for isotopic analysis. These results are shown 
in figure 7. The general equal lateral distribution 
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Table 4. Ratio analyse# of leaf punches taken from the 
6*1- leaf at intervals chiring which time the opposite 
primary leaf was being exposed to light and to C0 2 
enriched with C 1 '*. Between sampling the CV2 l ea f 
was kept in the dark and was not fed added C0 2 . 
Each ratio is the mean of the indicated number of 
determinations and is relative to a normal bean tissue 
isotopic ratio of 1.16 ± 0.01. 


rapidly growing regions would have opportunity 
to accumulate a greater amount of heavy carbon 
materials than would the older tissues. Analysis of 

MASS 

4 5/ x 100 

"44 


Number of Maximum 

determina- Mass 45/44 variation 

Time tions X 100 from the mean 

0 hours 2 1.149 ±0.005 

10 hours 4 1.152 ±0.018 

•21 hours 3 1.157 ±0.004 

28 hours 3 1.14L ±0.005 

43 hours 3 1.151 ±0.014 

of the heavy carbon isotope in the stem makes it 
all the more surprising that none of it could be 
detected in the unfed leaf. 

Results of starvation experiments which further 
demonstrate the lack of cross transport between 
opposite primary leaves. — Two bean plants were 
selected and one leaf of each plant was placed be- 
tween sheets of porous black paper. The sheets 
were held together by paper clips so that the leaves 
were in the dark without being deprived of ready 
exchange of gases. This arrangement also allowed 
for the observation of the leaves at intervals. Plant 
1 was placed in the dark and plant 2 was placed 
in the light. The experiment was terminated after 
220 hours, at which time observations on the dark- l.i(> for normal leaf tissue. Ratio of C0 2 fed to right 
ened leaves showed marked starvation symptoms primary leaf was 10.2. 
accompanied by wilting and discoloration. Leaf 

punches were made and dried overnight at 100°C. sections of stem above the primary leaf node showed 

The data are presented in table 5. Both leaves of a correlation between maximum elongation and the 

the darkened plant were discolored and wilted, as amount of heavy carbon fixed by the stem. The 

was the covered leaf of the illuminated plant. In highest concentration of tracer carbon was found 

Table 5. Data on the starvation of leaves in darkness . Column 2, dry weights of the leaf punches. 

Columns 8 and 4 maximum width of leaves. Column 5 condition of the leaves. 

Dry weight Original Final 


leaf punch leaf leaf Condition of 

Description mgm/cm- width width leaf 

Plant 1 after 220 hours in darkness 

Covered leaf 0.9 9 cm. 9 cm, Wilted, discolored 

Uncovered leaf 0.7 9 cm. 9 cm. Wilted, discolored 

Plant 2 after 220 hours in light 

Covered leaf 0.8 (> cm. 6 cm. Wilted, discolored 

Uncovered leaf 1.3 (i cm. 10 cm. Green, fresh 


the case of the latter plant, this demonstrates a in the apical centimeter of the stem. Under the con- 
lack of cross transport of food from the uncovered ditions of the experiment, neither the stem tip nor 
leaf, which increased in size and weight as a result the opposite primary leaf were necessary for the 
of photosynthesis. conduction of compounds labeled with € 1 from the 

Discussion. — Detection of greater concentrations primary leaf to the roots of the bean plant, 

of C 1 in the stem tips and in the root tips than in Analysis of the proximal and distal halves of the 
the older stem and root tissue shortly after a photo- bean stem with relation to the fed primary leaf 
synthetic, period during which C 1,H labeled CO 2 failed to show any difference in the lateral distri- 
was fixed is according to expectation, since the hution of heavy carbon in the stem tissue. The rea- 
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son for the lack of transport of C 1 3 compounds into 
the opposite primary leaf is not apparent from this 
work. In view of the anastomosing of vascular tis- 
sue in the region of the primary leaf node and the 
crossing over of vascular traces as reported by 
Harris et at. (1921), and by Doutt (1932), one 
would expect cross transport of materials from one 
primary leaf to the other. 

SUMMARY 

Methods are described for the incorporation of 
C0 2 enriched with the tracer isotope C 13 into plant 
tissue by photosynthesis, and also for sampling 
plant tissue, burning tissue samples to COo, and 
analyzing this gas for the presence of the tracer 
element, 

Rapid transport of labeled photosynthate up- 
ward and downward to metabolicallv active regions 
such as the root tip and stem tip is shown. 


A correlation is shown between the ratio excess 
of C 13 and the rapidity of growth in the region of 
the stem tip. 

Radioactive phosphorus passed through killed 
areas of bean stems while compounds containing 
C 13 did not. 

The failure to find that any C 13 tagged material 
moved upward or downward through stems killed 
with hot wax suggests that the exclusive path of 
transport of these materials is in the living tissues, 
probably the phloem. 

Lack of cross transport of labeled photosynthate 
to the opposite primary leaf is shown under condi- 
tions of light or darkness, feeding or starvation. 

Equal lateral distribution of new photosynthate 
is found in the stem of plants fed on only one side. 

Department of Botany, 

University of Minnesota, 

Mi n neapolis, Min n ksota 
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GROWTH IN VITRO OF EXCISED TOBACCO AND SUNFLOWER TISSUE WITH 
DIFFERENT TEMPERATURES, HYDROGEN-ION CONCENTRATIONS 

AND AMOUNTS OF SUGAR 1 



Albert C. Hildebrandt, A. J. 

Factors responsible for the initiation and con- 
tinuation of pathological growth have been studied 
with plant materials because they offer certain op- 
portunities for research (Riker, 1939) not provided 
hv animal materials. Some advantages of plant ma- 
terials include (a) large numbers, (b) low 7 cost, (c) 
ease of experimental use, (d) physiological vari- 
ability, (e) genetic purity, and (f) the possibility 
of tissue culture on a medium of known composition 
(Riker, 1942). Among the plant materials the 
crown gall disease caused by Phytomonas tumefa- 
ciens (Smith and Town.) Bergev et al. has re- 
ceived special attention because of certain similari- 
ties between this pathological growth in plants and 
cancer of higher animals (e.g., Smith, 1922; Levine, 
1936; White and Braun, 1942). The early litera- 
ture on crown gall was reviewed by Riker and 
Berge (1935). The anatomy of the host tissue and 
physiology of the bacteria have been extensively 
studied by various investigators. The physiology of 
the host tissue, however, has remained relatively 
obscure because of certain technical difficulties, 
some of which may be overcome by cultivation of 
tissue on a synthetic medium in vitro. 

Plant tissue culture has been accomplished only 
recently. The idea was probably first suggested by 
Haberlandt (1902). Limited growth of excised 
root tips was reported by Kotte (1922) and by 
Robbins (1922), while unlimited growth was re- 
ported by White (1934) with tomato roots. Since 
root tips contain several kinds of tissue, their culti- 
vation may be considered organ culture. True tissue 
cultures capable of unlimited growth were first 
reported by White (1939) with tobacco callus and 
by Gautheret (1939) and Nobecourt (1939) with 
carrot callus. Recently, White and Braun (1941) 
have cultivated tissue from “secondary” crown galls 
on sunflower. The extensive history and applica- 
tions of plant tissue culture have been reviewed by 
White (1943). 

In tissue culture simple, somatic cells may be 
isolated from the influence of neighboring cells, 
tissues, and organs and may be studied under con- 
trolled conditions on a synthetic medium containing 
only ingredients whose chemical formulae can be 
written. Such a technique offers a tool for the study 
of critical vital processes of tissue metabolism. 
While many basic requirements of excised root tips 
in vitro have been determined by various investi- 

1 Received for publication March 5, 1945. 
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gators (White, 1943), the optimum conditions for 
growth of true plant tissue cultures have been hard- 
ly touched. Therefore, before more complex studies 
of tissue metabolism were examined some of the 
basic physical and physical-chemical requirements 
of certain plant tissue cultures were studied. 

The present paper (abstracted, Hildebrandt, 
Riker and Duggar, 1944a) reports the effects of 
different temperatures, hvdrogen-ion concentrations, 
and amounts of sucrose on growth in vitro of ex- 
cised tobacco and sunflower tissue. In a later paper 
(abstracted, Hildebrandt, Riker and Duggar, 
1914b) the influence of the composition of the me- 
dium will be reported in detail. 

Materials and methods. — Two kinds of tissue 
were used in these investigations, both of which can 
grow indefinitely in vitro. The tobacco tissue was 
from the interspecific hybrid Nicotiana glauca 
Grab. $ X A. lang&dorffii Weimn. £ (Kostoff, 1930; 
Levine, 1937) and was originally isolated and sup- 
plied by Dr. P. R. White. The other tissue was iso- 
lated from “secondary,” petiolar crown galls on 
sunflower ( Helianthus annum L. var. Giant Rus- 
sian), and, as explained later, was free from the 
crown-gall bacteria. The method involved removing 
gall-bearing petioles from the plant, stripping back 
the epidermis over the gall, and with a sterile scal- 
pel removing portions of the enlarged tissue to the 
basic agar medium. This was accomplished asepti- 
callv and rapidly to avoid excessive injury, desic- 
cation, and chance contamination of the tissue. No 
disinfectant was used. In figure I are illustrated 
the tobacco and sunflower tissues as they appear in 
culture. 

A certain percentage of such gall tissues when 
originally isolated always contained crown-gall bac- 
teria, which eventually multiplied, escaped from the 
tissue, and grew over the medium and explant. In 
one set of isolations tissue cultures were started 
from fifty “secondary,” petiolar crown galls. Six- 
teen of these original isolates contained crown-gall 
bacteria and were necessarily discarded. None of 
the remaining isolates produced bacteria after the 
first subculture. The stock cultures of the sunflower 
tissue were developed from tissue from one “sec- 
ondary,” petiolar crown gall. It had been subcul- 
tured by subdividing many times at monthly inter- 
vals since December, 1941, on a medium suitable 
for growth of both excised plant tissue and crown- 
gall bacteria. Since no bacteria appeared during 
three years, the tissue was considered free from 
crown-gall bacteria. 

The stock cultures of tobacco and sunflower tis- 
sue were maintained in diffuse light at laboratory 
temperatures. The basic medium was the mineral 
salt, sucrose, vitamin Bi, glycine, agar medium de- 
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veloped by White (1942). The medium as used in 
these studies contained the following quantities of 
salts in milligrams per liter of distilled water: 
360 MgS0 4 -7H 2 0, 200 Ca(N0 3 )^*4H 2 0, 200 
Na 2 S0 4 , 80 KNO-i, 65 KC1, 16.5 NaHoP0 4 -HoO, 
2.5 Fe 2 ( SO4 ) : p6 H «> O, 4.5 MnS0 4 *4KUO, 1.5 



Fig. 1. A. Excised tobacco callus tissue after six weeks 
on agar medium in a 125 ml. Erlenmeyer flask. B. As A, 
except sunflower tissue. 


ZnS0 4; 7H 2 0, 1.5 H 3 B0 3 , and 0.75 KI. It con- 
tained in addition 20 grams sucrose, 7.5 grams agar, 
and, respectively, 3.0 and 0.1 milligrams per liter 
of glycine and thiamine hydrochloride. The chemi- 
cals were all of reagent grade except sucrose, boric 
acid, and potassium iodide. A record was kept of 
the source and impurities of the constituents, but 
it is omitted here to conserve space. The sucrose 
was added as cane sugar. The agar was either the 
flake or shredded type and was leached by washing 
in distilled water at least three times daily over a 
three- to four-day period. The medium was pre- 
pared from concentrated stock solutions as de- 
scribed by White- (1943). All experiments were 
carried out in 125 milliliter Erlenmeyer flasks each 
containing 50 milliliters of medium. The flasks had 
been washed previously in potassium dichromate- 
sulfuric acid cleaning solution and rinsed in tap 
and distilled water. 

Subcultures were made bv transferring stock 
tissue to a sterile Petri dish, by cutting it with a 
sterile scalpel into irregular hexahedral pieces 3 
millimeters in greatest dimension, and by transfer- 


ring four good tissue pieces to each culture flask. 
The seed tissue pieces each weighed 20 to 30 milli- 
grams. In experiments involving a number of dif- 
ferent treatments the seed tissue pieces from each 
stock tissue piece were distributed equally among 
the different treatments. All operations were car- 
ried out under aseptic conditions in a special trans- 
fer room. Cheesecloth-covered cotton plugs were 
used on all flasks, and these were finally covered 
with waxed paper to prevent excessive desiccation 
of the medium. All experimental cultures, unless 
otherwise noted, were incubated in a special culture 
room in the dark at 26° db 1°C. A favorable hu- 
midity and a circulation of air were maintained bv 
passing air from a fan over an open dish of water. 
Six flasks each containing four tissue pieces were 
used per treatment, and each experiment was re- 
peated at least three times at different times of the 
year, unless otherwise noted. After six-weeks incu- 
bation, the tissues were removed from the culture 
flasks and weighed individually. 

Variability of the tissue. — O f the various 
methods available for measuring growth, the final 
wet weight of the tissues was chosen. As with most 
biological materials, considerable variation occurred 
between tissues grown under similar conditions. 
Therefore, the results of individual experiments 
were analyzed statistically to determine any sig- 
nificance between treatments. The data from a 
single representative experiment are presented in 
table 1, and an analysis of variance of these data 
is presented in table 2. The data are from an ex- 
periment carried out from December 16, 1943, to 
January 28, 1944, on the effect of sucrose concen- 
tration on growth in vitro of excised tobacco tissue. 
The total wet weights of four tissues per flask are 
given so that with six flasks there was a total of six 
“replicates” for each sugar concentration. There 
was one set with no sugar, and there were eight sets 
with different concentrations. Experiments showed 
that there was variation between cultures grown at 
different times, and, therefore, control cultures on 
the basic medium were always run with individual 
experiments and each experiment analyzed statis- 
tically. To verify results from individual experi- 
ments, statistical analyses were made also on com- 
bined results from similar experiments repeated at 
different times considering each time as one repli- 
cate. 

The analysis of variance of this representative 
experiment (table 1) gave an F value for between 
treatments of 34.63 (table 2) which is highly sig- 
nificant. The mean significant difference between 
treatments for this experiment was, respectively, 
0.06 and 0.08 at the 5 and I per cent levels. The 
differences between averages of treatments were 
significant at the 5 per cent level at all sugar con- 
centrations except between 0.5 and 1 per cent and 
between 2 and 4 per cent (table 1). It should be 
■restated that these. average values arc from one rep- 
resentative experiment. Data averaged from three 
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Table 1. Total wet weight of tobacco tissue grown on the 
basic medium with different sucrose concentrations. 


Sucrose 

concen- 

tration 

1 

2 

“Replicates” 

3 4 

a 

5 

6 

Total 

Per cent 

0 

.14 

.09 

.11 

.12 

.09 

.12 

.67 

.125 

.31 

.33 

.24 

.38 

.32 

.26 

( •n) h 

1.84 

.25 

.36 

.32 

.38 

.37 

.51 

.30 

( -31) 

3.24 

.5 

.33 

.43 

.53 

.41 

.43 

.47 

( -37) 
3.60 

1.0 

.58 

.44 

.37 

.47 

.44 

.42 

( ■«) 
3.73 

2.0 

.37 

.46 

.35 

.38 

.39 

,36 

( -45) 
3.31 

4.0 

.37 

.27 

.39 

.30 

.44 

.35 

( -33) 
3.13 

8.0 

.20 

.23 

.28 

.27 

.26 

.22 

( -35) 
1.46 

16.0 

.10 

.11 

.12 

.15 

.13 

.15 

( -24) 
.76 

Total 

2.76 

2.68 

2.77 

2.85 

3.01 

2.65 

( 33) 

16.73 


a Each number represents the total wet weight in grams 
of four tissues from one culture flask. 

h Average wet weight of four tissues per flask in paren- 
theses. 

such experiments are presented under the “Effect 
of Sucrose Concentration.” 

Experimental results. — Influence of tempera- 
ture . — Tobacco and sunflower tissues were cultured 
on the basic medium at temperatures ranging from 
4° to 37 °C. Some variation existed in light inten- 
sity and humidity at the different temperatures. 
Observations with stock cultures maintained under 


Table 2. Analysis of variance on data from table IS 


Source of 
variance 

Degrees 

of 

freedom 

Sums of 
squares 

Mean 

square 

F 

F at the 
one per 
cent level 

Between 

treatments 

8 

.7480 

.0935 

34.63 

2.93 

Error 

. 45 

.1222 

.0037 



Total 

. 53 

.8702 





& The authors are grateful to Dr. J. H. Torrie, Assist- 
ant Professor of Agronomy, and Virginia B. Beal, Assist- 
ant in Agricultural Statistical Service for their assistance 
in this phase of the problem. 

light and dark conditions showed that light had 
little effect. Excessive drying of the media was 
avoided by putting wax paper over the cotton plugs 
and by keeping pans of water in incubators warmer 
than room temperature. 

The influence of temperature on the growth of 
these two tissues is shown in figure 2* Each point 
on the curve is the average wet weight of 72 tissues 


from three experiments carried out May 5 to June 
21, 1943, January 21 to March 3, 1944, and March 
17 to April 30, 1944. The optimum range for tobac- 
co tissue was about 26° to 32°C., and that for sun- 
flower about 24° to 28 °C. These results agree with 
Skoog’s (1944) report that growth of tobacco tissue 
in liquid media increased with increasing tempera- 
ture from 5° to 33 °C. The differences between 


MGM5. 



Fig. 2. Effects of temperature on the growth of ex- 
cised sunflower and tobacco tissues growing in vitro on 
the basic medium. 


treatments were highly significant in all six experi- 
ments as determined by statistical analyses of each 
of the individual experiments. 

The effect of cool temperature was to slow up 
growth. Thus,, after six weeks certain tissues main- 
tained at 8°C. were removed to the laboratory at 
room temperature where they soon resumed the 
usual rate of growth. White (1937) showed that 
tomato roots will also endure low temperatures for 
long periods of time, growing only slowly but re- 
suming a normal rate when removed to favorable 
temperatures. 

Effect of hydrogen-ion concentration *— The im- 
portance of the hydrogen-ion concentration was 
likewise observed on growth of both sunflower and 
tobacco tissue. They were cultured on media with 
original hydrogen-ion concentrations ranging, re- 
spectively, from pH 2.0 to 9.9 and from 2.5 to 9.9. 
The acidities were obtained by adding aseptically 
predetermined amounts of 0. 1 N NaOH or 0.2 N 
HC1 to the basic medium before it solidified. No 
special attempt was made to buffer the media at 
the various acidities. The original and final pH 
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measurements of the media, as well as the final pH 
of the tissue, were determined with a Coleman glass 
electrode pH meter. The pH of the tissue was de- 
termined after macerating it in a small volume of 
distilled water. 

The average wet weight and the pH of the tissue 
from such experiments carried out at three different 
times of the year are presented in figure 3. To se- 
cure points on the curves (figure 3) for weight vs. 
original and vs. final pH of the medium the final 
wet weights of the tissues were used for both curves. 
For example, in figure 3A ('weight vs. original pH) 
each point represents the average weight of tissues 
from culture flasks with original acidities ranging, 
respectively, from pH 2.0 to 2.4, 2.5 to 2.9, 3.0 to 
3.4 . . . 9.5 to 9.9. Because of the drift in the pH 
of the medium, the points on one curve were usually 
based on a different number of tissues than corre- 
sponding points on the other. 

Both tissues grew within the range pH 3.5 to 7.9. 
Best growth of tobacco tissue occurred on media 
with original values averaging from pH 5.0 to 5. 1- 
and final values averaging from pH 5.5 to 5.9. The 
average pH of the tissues on the latter media was 
6.0. The pH of the tobacco tissue in cultures w T ith 
final values of pH 7.5 and 8.4 was not determined. 
Best growth of sunflower tissue occurred on media 
with original values averaging from pH 5.5 to 5.9 


and final values averaging from pH 6.0 to 6.4. The 
average pH of the tissues on the latter media 
was 5.9. 

The pH of the medium drifted from the extremes 
toward the center during the six-week culture pe- 
riod. This drift in reaction veas probably influenced 
on the alkaline side by metabolic and atmospheric 
carbon dioxide and on the acid side by the utiliza- 
tion of some of the nitrates in the potassium and 
calcium salts. 

Effect of sucrose concentration . — Cultures of both 
tissues were made on the basic medium with sucrose 
concentrations from 0 to 160 grains per liter. The 
sucrose was added as cane sugar. The average final 
wet weights of eighty tissue pieces for sunflower 
and eighty-eight tissue pieces for tobacco from ex- 
periments carried out at two and three different 
times respectively are presented in figure 4. From 
these data it may be seen that both tissues grew on 
media containing 1.25 to 80 grams per liter of 
sucrose. They grew well within the range 5 to 20 
grams per liter, with the optimum for both species 
at 10 grams per liter. Differences between concen- 
trations w r ere significant at the 1 per cent level 
(table 1) in all experiments for both species. The 
average weights given for zero sucrose concentra- 
tion and for 16 per cent (figure 4) represent ap- 
proximately those of the original seed tissue pieces. 



Fig. 3, Effects of the pH of the medium on the weight of excised tobacco and sunflower tissues growing in vitro, and 
on the pH of the tissue.- A. Weight of tobacco tissue compared with original and Anal pH of the basal medium.— B. 
Final pH of the tissue.— 0. As A except for sunflower tissue. — D. As B except for sunflower tissue. 
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Thus, there was little or no growth of the tissues 
at these two concentrations. The final pH of the 
media from 0 to 160 grams per liter for sunflower, 
respectively, averaged pH 6.0, 5,8, 5.8, 5.9, 5.8, 5.8, 
5.8, 5.7, and 5.5 and for tobacco 6.1, 6.2, 6.3, 6.2, 


MGMS. 



Fig. 4. Effect of various sucrose concentrations on the 
growth of excised sunflower and tobacco tissue in vitro. 


6.1, 6.1, 6.0, 5.9. These acidities are close to the 
optimum for growth of both tissues (figure 3). 
These results indicate how much certain changes 


in temperature, acidity, and sugar concentration 
affect the growth in vitro of these two tissues. Cor- 
respondingly, they provide an improved foundation 
for critical studies with this technique of tissue 
metabolism. 

SUMMARY 

Certain environmental factors influence the 
growth of excised tobacco and sunflower callus tis- 
sue in vitro. When both tissues were cultured over 
the range 4° to 37 °C., the optimum temperature 
range for tobacco tissue was about 26° to 32 °C., 
and that for sunflower tissue was about 2 4° to 
28 °C. 

Best growth of tobacco tissue occurred on media 
with original acidities averaging from pH 5.0 to 
5.4 and final acidities from pH 5.5 to 5.9. Sun- 
flower tissues grew best on media with original 
acidities averaging from pH 5.5 to 5.9 and final 
acidities from pH 6.0 to 6.4. 

When progressively increasing amounts of sucrose 
were added, respectively, to different lots of the 
basic medium, both species grew’ best with a 1 per 
cent concentration and did well from 0.5 to 2 per 
cent. There was some growth at 4 and 8 per cent, 
but no growth at 16 per cent or on media lacking 
sugar. 

Department of Plant Pathology. 

University of Wisconsin, 

Madison, Wisconsin 
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BRAZILIAN CHYTRIDS. VI. RHOPALOPHLYCTIS AND CHYTRIOMY CES, TWO 
NEW CHITINOPHYLLIC OPERCULATE GENERA 1 

John S. Karling 



Fresh- water chytrids which inhabit the chitinous 
exuviae of insects are fairly common in nature, but 
until recently they have not received much atten- 
tion from mycologists. The first study devoted ex- 
clusively to these saprophytes was made in 1903 by 
Petersen in Denmark, and it was not until 1937 
that they were again given serious consideration. 
In the latter year Sparrow (1937) recorded the 
occurrence of Petersen's Danish species in the New 
World and described several new American species 
from the exuviae of eaddisflies, midges, and of other 
insects, the larval stages of which develop in fresh 
water. Since that time, several additional species 
have been reported by the author (1911) from the 
Amazon Valley in Brazil, which indicates that 
chitinophyllic chytrids are widespread in nature 
and more abundant than has been generally realized. 

Such chytrids grow well on the chitinous skele- 
tons of insects and appear to derive most of their 
energy from chitin. These unusual growth require- 
ments suggested to the author, particularly after 
Miss Anne Hanson, a graduate student at Colum- 
bia University, had found that some species can be 
grown successfully on thin strips of shrimp shell, 
that insect-inhabiting chytrids might be grown on 
artificial chitinous media. Although such chytrids 
may be readily trapped and isolated on shrimp 
shells, this type of bait may also become heavily 
infected with other aquatic fungi and protozoa and 
is not wholly satisfactory. However, if all but the 
pure chitin is removed, better results may be ob- 
tained. In purifying the chitin, the procedures of 
Bene eke (1905), Folpmers (1921), Johnson (1932), 
Benton (1931), Zobell and Rittenberg (1938), and 
Hock (194*0) were used. Shrimp, crab, and lobster 
shells were scrubbed clean of dirt and decalcified in 
cold one per cent hydrochloric acid which was 
changed several times in the course of a week. The 
material was then washed in water and soaked in 
two per cent potassium hydroxide for ten days to 
remove the protein and other organic matter except 
chitin. Following this treatment, the limp leathery 
shells were boiled in several changes of ethyl alcohol 
for three days or until no solid matter was obtained 
on evaporation of a portion of the extract, after 
which the shells were dried and stored for future use. 
The treatment with alkali and alcohol removes all 
or most of the pigment, leaving the chitin greyish- 
white or semi-transparent. The ventral scales of the 
shrimp’s tail are usually quite thin and almost trans- 
parent, and when treated in the manner described 
above and cut into thin strips, make a satisfactory 
substratum for trapping, growing, and studying mi- 

1 Received for publication March 3, 1945. 

This work has been greatly facilitated by a Grant-in- 
Aid of Research from the Graduate Faculties of Colum- 
bia University. 


croscopically certain ehitinophyllic chytrids. Up to 
the present time species of Rhizidium, Obelidium, 
Asterophlyctis , Siphonaria, Rhopalophlyctis } Chy - 
triomyces, Rhizoclosmatium, and Poly chy trium have 
been isolated from fresh-water cultures in Brazil 
and the U.S.A. on bits of pure chitin. 

Processed shrimp, lobster, and crab shells may be 
ground in a powder mill and added directly to nutri- 
ent agar, but this does not make a very satisfactory 
medium. Chitin is difficult to pulverize in a mill, and 
the fragments usually obtained are so large that they 
sink to the bottom of an agar plate and are not di- 
rectly available to monocentric chytrids sown on the 
surface. In the case of polycentrie species like Poly- 
chy trium aggregatum (Ajello, 1942), however, good 
results may be obtained because the rhizomyeelium 
grows downward in the agar and soon spreads from 
one bit of chitin to another. 

A more satisfactory and highly dispersed chitin 
for inclusion in agar media may be obtained by dis- 
solving chitin in a 1 : 1 solution of sulfuric acid over- 
night in the refrigerator and then precipitating with 
a twenty per cent potassium hydroxide solution. The 
milkv-white precipitate is then filtered and washed 
with distilled water on a Buchner funnel until the 
extract shows neutral with litmus. The flocculated 
chitin may be added in varying amounts to plain or 
enriched agar as desired, autoclaved, and poured. 
The flask, however, should be shaken carefully to 
disperse the chitin evenly before pouring. Chitin- 
agar media prepared in this fashion are usually 
milky-white in appearance. Chitinophyllic chytrids 
planted on such media digest the chitin as the rhi- 
zoids and rhizomyeelium spread, and as a result a 
clear zone develops around each thallus or colony 
within a few days. 

The present contribution concerns the structure 
and life cycles of two new chitinophyllic operculate 
genera which were isolated on chitin and grown in 
the manner described above. These fungi were first 
found on unidentified insects in fresh water in Brazil 
and later collected in abundance on the exuviae of 
mayflies in Connecticut, New York, and Virginia, 
U.S.A. The first of these genera is characterized by 
predominantly clavate, septate or continuous, extra- 
matrical sporangia, an intramatrical bushy tuft of 
thread-like rhizoids, and by posteriorly uniflagellate 
zoospores which swarm in a vesicle outside of the 
sporangium. Because of the characteristic shape of 
its sporangia and its occurrence on exuviae of insects, 
the name Rhopalophlyctis sarcoptoides is proposed 
for this fungus. The second genus includes two spe- 
cies and is distinguished by extramatrical sporangia, 
extensive intramatrical rhizoids which arise from the 
base of the sporangium or apophysis, posteriorly uni- 
flagellate zoospores which swarm in a vesicle outside 
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the sporangium, and by extramatrieal resting spores. 
Except for its operculate sporangia, this genus is 
almost identical with species of Rhizidium (Kar- 
ling, 1944) and Phlyctochytrium. For this new genus 
the author proposes the name Chytriomyces because 
of its characteristic Chy iridium- like thallus. The two 
fungi for which this genus is established are similar 
in structure and development but differ in pigmenta- 
tion. One species is characterized by a conspicuous 
golden-red, refringent globule in the zoospore and 
by reddish-brown resting spores, and is accordingly 
named C. aureus. The other species is distinguished 
by a hyaline refractive globule in the zoospore and 
is called C. hyalinus. 

Chytriomyces n. gen. — Thalli monocentrici, eu- 
carpici; sporangiis et sporis perdurantibus extra- 
matricalibus, apophysi et rhizoideis intramatrieali- 
bus. Sporangia operculata. Zoosporae a posteriore 
uniflagellatae. Sporae perdurantes germinantes ut 
prosporangia, parte interiore emergente ut zoospo- 
rangis membranum tenui ad superficiem sporae. 

Thalli monocentric, eucarpic, consisting of an ex- 
tramatrieal sporangium or resting spore and an in- 
tramatrical apophysis and rhizoidal system. Sporan- 
gia operculate. Apophysis usually present; system 
of rhizoids usually arising from opposite sides of 
apophysis, tapering abruptly, branched and exten- 
sive. Zoospores posteriorly uniflagellate; emerging 
from sporangium and swarming on the outside in a 
vesicle. Resting spores extramatrieal to substratum, 
functioning as prosporangia in germination. 

C. aureus n, sp. — Fungus saprophyticus. Spo- 
rangiis luteo-rubris, laevibus, globosis et 8-40 ft, vel 
leviter ovalibus et 10-20 X 12—23 ft; operculo api- 
cali aut sub apicali, 4-6 y diam. Zoosporae ovales, 
3-3.5 X 5 ft, globulo refractivo luteo-rubro, 1.5-2 y 
diam.; flagello 22—25 y longo. Apophysis sphaerica 
aut sub sphaerica, 3-6 y diam. ; sporis perdurantibus 
sphaericis et 6-20 ft, aut ovalibus et 6-10 X 12““ 
1 C> fx ; parietibus crassiusculis, 2 /x, luteo-fuscis, lae- 
vibus; germinantes ut prosporangia, parte interiori 
emergente ut zoosporangio membranam tenui ad su- 
perficiem sporae. 

Sporangia golden-red, smooth, spherical (8- 
40 g), or slightly oval (10-20 X 12-23 ft) ; opercu- 
lum apical or subapical shallow saucer-shaped, 4-6 y 
in diam. Zoospores oval, 3—3.5 X 5 /4> with a golden- 
red refractive globule, 1.5—2 /x in diam.; flagellum 
22-25 ft long; zoospores emerging and swarming in 
vesicle 2-32 minutes before breaking out and swim- 
ming away ; vesicle continuous with interior of spo- 
rangium. Apophysis, when present, spherical to sub- 
spherical, 3-6 /x in diam. Resting spores spherical 
(6-20 g), oval (6-10 /x X 12-16 ft), with a thick 
(2 ft), golden-brown smooth wall and numerous 
closely packed granules or globules; functioning as 
prosporangia in germination. 

Saprophytic in exuviae of mayflies and on chit in, 
Flores Nabuco near Manaus, Amazonas, Brazil; 
Sharon, Connecticut; Brewster, New York; and Mt. 
Prospect, Virginia, U.S.A. 

C. hyalinus n. sp. — Fungus saprophyticus. Spo- 


rangiis hyalinis, laevibus, globosis et 10-60 ft; oper- 
culo apicali aut sub apicali, 8-16 y diam. Zoosporae 
ovales, 3-3.5 X 5-5.5 /x, globule refractivo hyaline, 
1— 1.5 /x diam., flagello 18—20 /x longo. Apophysis 
sphaerica, subsphaerica, fusiformis, 3-7 /x diam. 
Sporae perdurantes laeves, spliaericae ( 10-20 ft), 
ovales (6-8 X 10-14 ft), elongatae, pyri formes, 
clavatae, leviter irregulares, parietibus crassiuscu- 
lus, 2 /x, subfuscis ; germinantes ut prosporangia, 
parte interiori emergente ut zoosporangio membra- 
nam tenui ad superficiem sporae. 

Sporangia hyaline, smooth, usually spherical, 10- 
60 g; operculum apical or subapical, shallow, 
saucer-shaped, 8— 16 y in diam. Zoospores oval, 3— 
3.5 g X o~5.5 ft, with a small ( 1-1.5 ft), hyaline re- 
fractive globule; flagellum 18-20 y long; zoospores 
emerging and swarming in vesicle, 1-16 minutes be- 
fore breaking out and swimming away ; vesicle con- 
tinuous with interior of sporangium. Apophysis 
when present spherical, subspherical, fusiform, or 
elongate, 3-7 y in diam. Rhizoidal system well de- 
veloped, main axis up to 7 y in diam.; extending for 
a distance of 300 ft. Resting spores spherical (10- 
20 /x), oval (6-8 X 10-14 ft), elongate, clavate, py- 
riform, or slightly irregular, with a smooth, thick 
(2 /x), light-brown wall; containing a large central 
refractive globule surrounded by a few to several 
smaller ones; functioning as prosporangia in ger- 
mination. 

Saprophytic on exuviae of mayflies and on bits of 
chitin, Flores Nabuco near Manaus, Amazonas, Bra- 
zil ; Sharon, Connecticut; Brewster, New York; and 
Mt. Prospect, Virginia, U.S.A. 

Rhopalophlyctis n. gen. — Thallus monocentri- 
cus, eucarpicus. Sporangia extramatricalia ; rhi- 
zoideis intramatricalibus. Sporangia operculata, sti- 
pitata aut sessilia, septata aut eseptata. Zoosporis a 
posteriore uniflagellatis. Sporae perdurantes non 
visae. 

Thallus monocentric, eucarpic, consisting of an 
extramatrieal sporangium and an intramatrieal rhi- 
zoidal system. Sporangia operculate, stalked or ses- 
sile, septate or continuous. Zoospores posteriorly 
uniflagellate, emerging from sporangium and swarm- 
ing in a vesicle. Resting spores unknown. 

R. sarcoptoides n. sp, — Fungus saprophyticus. 
Sporangia hyalina, laevia, obpvriformia (10-70 X 
1 5-90 /x), clavata ( 1 2-40 X 25-1 80 ft,), aut sphaeri- 
ca (8—40 /x), septata aut eseptata, sessila aut stipi- 
tata; operculo 6-12 y diam. Zoosporae ovales, 5 X 
6.5-7 y; flagello 25-28 y longo. Sporae perdurantes 
non visae. 

Thalli numerous, up to 500 on one host. Sporangia 
hyaline, smooth with fairly thick (1.5 y) walls, ob- 
pyriform (10-70 X 15-90 /x), clavate (12-40 X 
35-180 ft) , spherical (8-40 ft), or elongate, continu- 
ous or septate, sessile or stalked, base of stalk some- 
times expanded irregularly to form a foot; opercu- 
lum shallow, saucer-shaped, 6-12 y in diam. Zoo- 
spores oval, 5 X 6.5— 7.5 /x, with a refractive globule 
8 y in diam. near posterior end; flagellum 25-28 y 
long; zoospores swarming in a hyaline vesicle out- 
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side of sporangium for 2-8 minutes before breaking such a foot or holdfast. The thalli may be readily 

out and swimming away; vesicle continuous with pulled off (fig. 10, 14), leaving a small hole in the 

interior of sporangium. Rhizoids arising as a tuft of integument; were a special holdfast present, it is not 
fine threads from base of thallus and extending for likely that the thalli could be removed so readily, 
a distance of 200 p; threads simple or branched. Occasionally, however, removal is not easy, and* a 

Resting spores unknown. part of the integument may adhere to the base of 

Saprophytic on exuviae of mayflies, Flores Nabu- the stalk (fig, 18) when the thallus is pulled off. 
co near Manaus, Amazonas, Brazil; Sharon, Con- The successive developmental stages of the spo- 
necticut; Brewster, New York; and Mt. Prospect, rangium are shown in figures 5 to 15, and it is obvi- 
Virginia, U.S.A. ous that the internal protoplasmic changes involved 

Life cycle of Rho polo phi yetis sarcoptoides. — As are similar to those of other rhizidiaceous chytrids. 
was noted earlier, a few specimens of this species As the incipient sporangium enlarges, the refractive 
were first observed on an unidentified insect in Bra- globules increase in size and number and usually 
zil and later found in abundance on the exuviae of become as numerous and large as those shown in 
mayflies near Pawling, New York, and Sharon, Con- figure 11. At the same time the protoplasm becomes 
necticut, U.S.A. In these last two localities as many vacuolate. This phase is followed by a gradual dis- 
as 500 thalli were often found on one insect case. persal of the refractive material (fig. 12) until the 
With such material as an inoculum, the author was protoplasm becomes coarsely granular in appear- 
able to transfer the fungus to pure ehitin and chitin- ance (fig. 13). After an interval of several hours the 
agar. However, growth on these media was only process appears to be reversed whereby the refrac- 
sparse, and the results so far obtained have not been tive material aggregates again (fig. 14) to form the 
very satisfactory. globules of the definitive zoospores (fig. 15). In 

The zoospores of R. sarcoptoides are oval in shape elongate and large sporangia the protoplasm often 
and contain a large hyaline refractive globule (fig. becomes highly vacuolate and sparse in the basal 
1). As the close of the motile period approaches, a portion. Such a state is usually followed by septa- 
loop or vesicle is formed at the end of the flagellum tion in which the basal part is delimited from the 
(fig. 2) and becomes larger (fig. 3) as the flagellum apical portion (fig. 12-15, 18, 19, 21). The posi- 
shortens. The flagellum thus appears to be absorbed tion of the septum in the sporangium varies, as is 
by the zoospore as in Rhizidium verrucosum (Kar- well shown in these figures, and the cross wall may 
ling, 1944). After the zoospore has come to rest sometimes be curved or irregular (fig. 25, 21). In a 

(fig. 4) on the insect case, it forms a short germ tube few instances it was found to be greatly thickened, 

or peg which penetrates the integument (fig. 5). The and the thickening often extended to the lateral 
diameter and length of the peg vary considerably walls of the basal portion (fig. 21). 

(fig. 5, 6), and these variations often determine As was noted in the diagnosis above, the sporangia 
whether the sporangia will be stalked or sessile. of R . sarcoptoides vary markedly in size. Sporangia 
Short branches soon develop from the base of the up to ISO p long are not uncommon, and minute 
peg (fig. 7) and grow radially between the layers sporangia with only eight (fig. 16) or four (fig. 17) 
of the integument (fig. 8) for a short distance and zoospores sometimes occur. The sporangia are uni- 
finally enter the lumen of the insect case (fig. 9). nucleate in the early developmental stages (fig. 22, 
These branches are the rudiments of the thread-like 24) but become multinucleate as they increase in 
rhizoids which continue to elongate, branch, and size (fig. 23, 24). Nuclear division is distinctly mi- 
eventually attain the proportions shown in figure 13. totic with an intranuclear spindle and large nucleole 

The tip of the peg sometimes enlarges slightly as the (fig. 25). The chromosomes are small in size and 

rhizoids develop, and takes on the appearance of a usually so closely crowded that it is difficult to 
small irregular foot (fig. 1 1, 19-21). Quite often the determine their number. In a few cases six to eight 
sporangia appear to have a large circular foot (fig. discrete bodies have been counted in polar views. 
8-10, 14), but this seems to be an illusion. As the When the zoospores are mature, the operculum 
radially oriented rhizoids grow out from the peg, is pushed off, and the spores ooze out slowly in a 
they separate the layers of the integument in a cir- spherical mass (fig. 18). The mass enlarges (fig. 19) 
cular area, which often lias the appearance of a cir- as additional zoospores emerge and soon becomes 
cular holdfast at the base of the thallus. Study of enveloped by a thin hyaline membrane as described 
fixed and stained longitudinal sections of the thalli by the author (1944) for species of Rhizidium . 
and integument have not revealed the presence of However, if the dehiscence of the sporangium is 

pulled off, leaving a small hole in the integument. X 1300.— Fig. 11. Clavate sporangium filled with large refractive 
globules, vacuoles, and granular cytoplasm. X 1200,— Fig. 12. Beginning of granular stage. X 1200.— Fig. 13. Mature 
thallus consisting of clavate, septate, extramatrical sporangium with granular protoplasm and intramatrical branched 
rhizoids. X 1200. — Fig. 14. Stalked globular sporangium with sub apical operculum. X 1200, — Fig. 15* Clavate spo- 
rangium shortly before cleavage. X 1200.— Fig, 16-17. Minute 8- and 4-spored sporangia. X 1200.— Fig. 18-20. Emer- 
gence of zoospores from sporangium and their swarming in a vesicle. X 1200.— Fig. 21. Empty septate sporangium 
with thickened basal walls. X 1000.— Fig. 22, 23, 24. Uni-, tetra-, and 8-nueleate sporangia. X 1400.— Fig. 25. Simul- 
taneous 'nuclear division in sporangium. X' 1400,— Fig. 26. Zoospore fixed and stained tn Into with nucleus, nucleole 
and nuclear cap. X 1500. 





July, 1945] KARL'ING BRAZILIAN CHYTRIDS ;$(n 


premature or abnormal, no membrane develops, and 
the zoospores gradually separate without becoming 
actively motile. Under normal conditions the zoo- 
spores swarm violently in the vesicle from two to 
eight minutes before rupturing it and escaping. The 
vesicle is continuous with the interior of the sporan- 
gium, and the zoospores pass readily from one struc- 
ture to the other. 

Resting spores have not been found in R. sarcop- 
toides, so that the taxonomic position and relation- 
ships of this species are uncertain. Its clavate, elon- 
gate, continuous or septate, operculate sporangia 
are very similar to those of Cylindrocky iridium 
johns ton'll (Raiding, 1911), and on this basis the 
two species appear to be closely related. It is to be 
noted, however, that the latter species is usually 
apophysate and intramatrical, while R. sarcoptoides 
is largely extramatrical and nonapophysate. Fur- 
thermore, in R. sarcoptoides the zoospore gives rise 
directly to the sporangium, while in C. johns tonii 
the sporangium develops intramatrically from the 
germ tube. 

Life cycles of Chytriomyces aureus and C. liyali- 
nus . — These species appear to be more common in 
nature than R. sarcoptoides and have been collected 
in great abundance in several localities in Brazil, 
and in Connecticut, New York, New Jersey, and 
Virginia, U.S.A, In cases of infection of exuviae of 
mayflies, the sporangia were only rarely found on 
the exterior surface, and in almost all instances they 
projected into the lumen of the empty larval cases. 
They were, nevertheless, extramatrical to the sub- 
stratum, whereas the apophysis, when present, and 
rhizoids were intramatrical in the chitinous layers of 
the integument. This space relation of the chytrid 
to its substratum is probably due to more favorable 
nutritional conditions inside the larval cases. As the 
mayflies emerge, they probably leave behind body 
fluids and other substances which are favorable to 
the growth of chytrids. Free-swimming zoospores 
then enter the open exuviae and germinate, with the 
result that most thalli occur within the insect case. 
However, when water cultures with infected exuviae 
are baited with thin strips of pure chitin, the latter 
become heavily infected with thalli the sporangia of 
which are all on the surface. In some instances small 
bits of chitin were almost completely covered by 
golden-red and hyaline sporangia which were often 
so closely crowded that they appeared angular in 
cross section. Both species grew well on soft 0.5 per 
cent chitin agar and completed their vegetative 
phase in from four to six days. A few thalli of both 
species have been grown to maturity on thin bits of 
onion skin also, which indicates that they are not 
completely dependent on chitin. 


Except for the formation of an operculum, the 
development of C. aureus and C. hyalinus is so simi- 
lar to that of Rhizidium brazilienses , R, la-eves ( Kar- 
ting, 1944) , and certain species of Phlyctochytrium 
and Rhizophidium that a detailed description is un- 
necessary. Figures 28 to 45 illustrate the life cycle 
of C. aureus , and figures 46 to 61 relate to C. hyaH~ 
nus. In C. aureus the zoospore with its brilliant 
golden-red globule (fig. 18) comes to rest (fig. 29) 
and forms a germ tube which penetrates the sub- 
stratum (fig. 30). The germ tube soon branches (fig. 
31), and the rudiments of the rhizoids are thus laid 
down at an early stage. Branching is often dichoto- 
mous, and when only two main branches are formed, 
they frequently diverge in almost opposite directions 
(fig. 32) in the thin skeleton of mayflies. In the event 
that the thallus is to become apophysate, a localized 
swelling in the branched germ tube soon begins to 
form. It may occur above (fig. 32) or at the point 
of branching (fig. 33). In the former event, the 
rhizoids of the resultant mature thallus will be cen- 
tered on the base of the apophysis, whereas in the 
latter case they will appear to have arisen from the 
sides as well as the base (fig. 33, 34). The disposi- 
tion of the rhizoids relative to the apophysis thus 
depends to a large extent on the region of origin of 
the apophysis. 

After the rudiments of the rhizoids and apophysis 
have been established, the extramatrical spore body 
begins to enlarge (fig. 32, 33) and eventually de- 
velops into the mature sporangium. During the early 
developmental stages, the refractive globule of the 
zoospore appears to fragment, and loses its brilliant 
golden-red color. Other less brilliant minute granules 
soon appear (fig. 32, 33), and by the time the spo- 
rangia are half grown, the cytoplasm is only faintly 
orange-red in color. Then as the refractive material 
aggregates to form the definitive globules of the 
zoospores, the sporangia attain their characteristic 
color. These changes in pigmentation are very simi- 
lar to those described by Sparrow (1937) for the 
developmental stages of Siphonaria variabilis. A ma- 
ture apophysate thallus with extensive rhizoids is 
shown in figure 34. The latter structures do not 
branch as richly as those of species of Phlyctochy - 
trium and Rhizophidium , but taper more abruptly 
and soon run out to fine filaments like the rhizoids 
of Siphonaria and Rhizidium . In S. aureus they do 
not extend much beyond a radius of 150 p and rarely 
attain a diameter of more than 5 p at the point of 
origin. Although the majority of thalli of this spe- 
cies are apophysate, non-apophysate ones are not 
uncommon, particularly on purified chitin and chitin 
agar (fig. 35). In C. hylinus non-apophysate thalli 
are even more common (fig. 52, 53, 55, 59). The 


the emergence and swarming of the zoospores from a free-floating sporangium. X HOG.— Fig. 40. Empty sporangium 
with attached operculum. X HOC. — Fig. 41-44. Stages in development of resting spores. X 1200. — Fig. 45. Germina- 
tion of a resting spore. X 1200. — Fig. 46. Oval motile zoospores. X 1400, — Fig. 47. Vesiculation and absorption of 
flagellum. X 1400. — Fig. 48, Spore at rest. X 1400.— Fig. 49-51. Germination stages and young thallus. X 1400. — 
Fig. 52. Non-apophysate sporangium with a long rhizoid axis. X 1200.-— Fig. 53. Similar sporangium shortly before 
emergence of the zoospores. X 1200. — Fig. 54. Free-floating sporangium with swarming zoospores. X 1200.— Fig. 
55-60. • Stages in development of resting spores, X 1200, — -Fig. 61, Germinated resting spore, X '1200, 
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presence or absence of an apophysis, therefore, does 
not appear to be a fundamental distinctive character 
of Chytriomyces. The author has found this to be 
true also of other chitinophyllic genera such as Si- 
phonaria and Rhizidium. As was noted earlier, the 
apophvsate thalli are very similar in appearance to 
those of Phi yctochy triurn except for the presence of 
an operculum, while the non-apophysate ones often 
resemble those of Rhizophydium. 

The mature sporangia of C. aureus and C. hyali - 
7i us are readily broken off from the apophysis and 
rhizoids during the process of mounting for micro- 
scopic study and float free in the surrounding water. 
Under such conditions they do not degenerate but 
shed their zoospores in the normal manner (fig. 36- 
39 , 51). Such sporangia are ideal for study of their 
dehiscence and the emergence and swarming of the 
zoospores. As the latter emerge, the low inconspicu- 
ous operculum is pushed off to one side of the spo- 
rangium and usually disappears from sight. The 
zoospores ooze out slowly (fig. 36), form a globular 
mass at the exit orifice, and lie quiescent for twenty 
to sixty-five seconds. During this period the globu- 
lar mass apparently becomes enveloped by a thin 
hyaline membrane. The zoospores soon begin to 
move and jerk about slightly, and within a few sec- 
onds active swimming begins. As in the case of Rhi- 
zidium and Rhopalophylyctis the zoospores swarm 
so rapidly and violently that the surrounding mem- 
brane or vesicle is constantly modified in shape as 
the zoospores dash against its surface (fig. 37-39, 
51). In the case of free-floating sporangia, the spo- 
rangium itself may often be moved about by the 
violence of the spores. It thus becomes obvious that 
the vesicle with its zoospores is attached to the spo- 
rangium and is continuous with its interior. Thk 
continuity is clearly evident as some zoospores dash 
back into the sporangium from the vesicle and out 
again. The period of swarming lasts from two to 
thirty-two minutes after which the vesicle ruptures 
at one or several places, and the zoospores escape 
(fig. 39). The length of the swarming period appar- 
ently depends on the strength of the vesicular mem- 
brane and the ease with which it is ruptured. In 
many cases of prolonged swarming, the membrane 
fails to rupture, and the zoospores consequently 
come to rest within it. The above-described emer- 
gence and behavior of the zoospores appear to be 
normal for C. aureus and C. hyalinus . If, however, 
the sporangia dehisce prematurely or too late, or if 
conditions are otherwise abnormal, no vesicle is 
formed, and the zoospores separate without becom- 
ing actively motile and eventually disintegrate. 

The development of the thallus and the behavior 
of the zoospores of C. hyalinus are so similar to 
those of C. aureus that nothing further need be said 
about them. It is sufficient to note that the zoospore 
contains a hyaline refringent globule instead of a 
golden-red one as in C. aureus . Furthermore, the 
thalli are more commonly non-apophysate and often 
.attain greater size. Sporangia up to 70 p in diameter 


are not uncommon, and in cases of non-apophysate 
thalli, the main rhizoidal axis may he up to 7 p m 
diameter and fairly thick-walled (fig. 53 ) with its 
branches extending over a radius of 300 p. 

As far as is known at present, resting spore de- 
velopment in both species is similar to that of the 
sporangia up to a certain stage. The first visible 
difference is the accumulation of refractive granular 
and globular material in the cytoplasm (fig. 41., 55 
56), and as the incipient spore attains definitive size 
its wall begins to thicken (fig. 42, 57). In C. aureus 
the wall becomes dark reddish-brown in color (fig. 
43-45) and 1.8 to 2.4 p in thickness. The refractive 
material increases in amount, in the meantime, so 
that by the time the spore is mature, its interior is 
filled with more or less uniformly coarse granules 
(fig. 43, 44), which are often evenly dispersed 
around a central vacuole (fig. 43). The majority of 
spores in this species are oval in shape (fig. 43 , 45 ), 
although spherical ones occasionally occur. In C. 
hyalinus, on the other hand, the spores vary from 
spherical (fig. 58, 60), oval (fig. 61), and pyriform 
(fig. 57) to irregular in shape with a hyaline to light 
brown wall 1.5-2. 5 p thick. Furthermore, the accu- 
mulated refractive globules coalesce (fig. 58, 59 ) to 
form a large hyaline central one (fig. 60). Coales- 
cence of globules is often so complete that the cyto- 
plasm appears optically hyaline and structureless 
except for the large suspended central globule. In 
cases of incomplete fusion, a few small globules may 
surround the larger one. So far, no conclusive evi- 
dence of fusion of thalli has been found in resting 
spore formation in either species. 

The resting spores of both species germinate un- 
der laboratory conditions after a dormant period of 
from two to three months. In germinating, they 
function as prosporangia and give rise to a thin- 
walled operculate sporangium (fig. 45 , 61). The 
zoospores from such sporangia swarm in a vesicle 
like those from the primary sporangia described 
above. 

The relationships of Chytriomyces are not certain 
at present. As was pointed out previously, this genus 
has the same type of development and appearance 
as species of Rhizidium , Phlyctochytrium, and Rhi- 
zophydium, but the presence of an operculum pre- 
cludes close relationship with these genera. Among 
the known monocentric operculate chytrids, Chytrio- 
myces is most similar to Catenochytridium, a genus 
which Miss Berdan (1939) described as having ex- 
tramatrical operculate sporangia and extramatrical 
resting spores; the latter function as prosporangia 
in germination. In a more intensive study, however, 
Miss Berdan (1941) later found that the resting 
spores were formed intramatrically from the pri- 
mary apophysate cell. In Chytriomyces, on the other 
hand, the resting spores are extramatrical and de- 
velop directly from the zoospore. Catenochytridium, 
furthermore, is always apophysate, and in C. caroli - 
neanum the apophysis consists of a complex linear 
catenoidal series of globular segments. In C- later ale 
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(Hanson, 1944), on the other hand, a large primary 
apophysate cell predominates, which indicates per- 
haps a trend toward or away from a simple apophy- 
sis like that of many thalli of Chytriomyces . As was 
noted earlier, the presence of an apophysis does not 
appear to be generically significant in Chytriomyces , 
so that this character is not a sound basis of com- 
parison. The apophysate thalli of Chytriomyces are 
also very similar to those of Amphicypellus, a new 
chytrid genus recently described by Ingold (1944) 
from Great Britain. This apophysate chytrid is 
extramatrical except for the tips of the rhizoid 
branches, and since Ingold is not sure of the presence 
of an operculum, very little can be said at present 
about the relation of Amphicypellus to Chytrio- 
myces. 

SUMMARY 

Rhopalophlyctis and Chytriomyces are two new 
monocentric operculate genera which were first 
found on unidentified insect skeletons in fresh water 
in Brazil and later collected in abundance on the 
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Virginia, U.S.A. Both genera are chitiiiophyllic and 
have been isolated and grown on thin strips of pure 
chitin and soft chitin agar. 
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tramatrical globular operculate sporangia, intra- 
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FURTHER STUDIES ON THE CHIASMATA OF THE ALLIUM CEPA X A. 
FISTULOSUM HYBRID AND ITS DERIVATIVES 1 

S. L. Emsweller 2 and H. A. Jones 0 


In all varieties of Allium cepa L. examined by 
the writers (1935a) the cilia sinata have been ar- 
ranged at random in each bivalent; by mid-meta- 
phase they become terminal or sub-terminal, and 
either rod or ring bivalents are formed. This situa- 
tion in A. cepa was also reported by Levan (1936) 
and by Maeda (1937). Cochran (1942) reported 
the same for A. ascalonicum L. 

In A. fistulosum L. the typical metaphase biva- 
lent is held together by two chia smata, one on each 
side of the centromere. This localization of meta- 
phase chiasmata results in cruciform bivalents. 
Localized chiasmata have not been reported in A. 
cepa. However, Levan (1933), Emsweller and Jones 
(1935a), and Maeda (1937) agree that in A. fistu- 
losum, some bivalents are occasionally held together 
by random chiasmata at first metaphase. The aver- 
age of 2.01 chiasmata per bivalent reported by 
Cochran (1912) in A. fistulosum also indicates the 
occurrence of a few random bivalents. The fre- 
quency of randomized bivalents apparently varies 
in different varieties of A. fistulosum. Levan (1933) 
compared four forms, of which three averaged less 
than one random chiasma per cell, while the fourth 
had from one to two per cell. In A. fistulosum var. 
Hidanegi, Maeda found about 94 per cent of the 
bivalents to have localized chiasmata; the remain- 
der falling into several distinct types with random- 
ized chiasmata. It was not mentioned whether or 


not the same bivalent was always non-localized. 

The behavior of the chiasmata at first metaphase 
in the hybrid between A. fistulosum , with localized 
chiasmata, and A. cepa, with randomized chiasmata, 
has been described by the authors (1935a), Levan 
(1936), and Maeda (1937). All are in agreement 
that only random chiasmata occur in the F* plants. 
Recently Cochran (1942) reported on a species hy- 



brid between A. ascalonicum, with random chias- 
mata, and A. fistulosum. The cross was made re- 
roeally, and in all the F* plants examined the 
chiasmata were random. 

The first hybrid we obtained was between an in- 
line of A. cepa var. Yellow Globe Danvers 
nd an inbred line of the Nebuka type of A. fistu- 
losum. Levan’s hybrid was between the variety 
Bran nschweiger of A. cepa and a form of A. fistu- 
losum from a European botanic garden. The cross 
ma d f ‘ }>y Maeda was between A. cepa var. Yellow 
Danvers and A , fi.sfulosum var. Hidanegi. 

n respect to frequency of bivalent formation at 
first metaphase, Maeda s hybrid and <xut\s were 
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similar, each showing about 70 per cent pairing. 
In Levan’s hybrid the frequency of bivalent forma- 
tion was only about two per cent. No polyvalents 
were found in Maeda’ s hybrid and only one, a triva- 
lent, in ours. In Levan’s hybrid there were 14 
trivalents, four quadrivalents, and one hexavalent. 
Maeda examined 44 cells, Levan 100, and Emswel- 
ler and Jones 130. 

Maeda obtained seeds from both the Fi and back- 
crosses to A. fistulosum. Levan did not secure any 
seeds from the F* under controlled conditions and 
all his attempts at backcrossing proved unsuccess- 
ful. In our hybrid no selfed seed has ever been se- 
cured under controlled pollinations. Numerous back- 
crosses to both A. cepa and A. fistulosum have been 
successful, but only when the hybrid was the pollen 
parent. Cochran’s hybrid also was highly self- 
sterile; only six F 2 seeds were secured from the 
A. fistulosum X AL. ascalonicum cross and no F 2 
seed from the reciprocal. His hybrid was slightly 
baekeross-fertile to both parents, but only when 
used as the pollen parent. 

In a preliminary note by Emsweller and Jones 
(1935b) on the first backcross to A. fistulosum it 
was reported that 10 of 17 plants bad localized 
chiasmata while the remaining seven had random- 
ized chiasmata. From these data it was considered 
that localization of chiasmata may be controlled by 
a recessive gene, although it was pointed out that 
the population was small. The detailed data on fre- 
quency of randomized and localized bivalents in 
the first backcross plants were not published at that 
time because it was planned to grow additional 
generations for further observation. 

Shortly after our preliminary note appeared 
Maeda published his paper on the F^, F 2 , and back- 
cross between A. fistulosum and A. cepa (1937). 
Cytological studies of 1,000 gemini of the A. fistu- 
losum parent showed that 94 per cent had localized 
chiasmata, and 1,000 in the A. cepa parent all had 
randomized chiasmata. Of the nine F x plants se- 
cured from a cross between A. fistulosum var. 
Hidanegi and A. cepa var. Yellow Danvers, only 
one was studied closely since it was found by pre- 
liminary examination that no cytological differences 
existed between any of them. Thirteen F 2 plants 
were secured; nine of these had bivalents with ran- 
domized chiasmata only, two had six bivalents that 
were always randomized and two always localized, 
while the other two plants had a constant arrange- 
ment of five randomized and three localized. The 
'“bivalents with localized chiasmata were of definite 
sizes in every case and it was concluded that the 
same chromosome pair was always involved;" 

A backcross population of 21 plants was also 
secured by Maeda by pollinating a hybrid between 
the A. fistulosum varieties Wasenegi X Kujonegi 
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with the species hybrid (A. fistula sum var. Hida- 
negi) X (A. cepa var. Yellow Danvers). Six of 
these 21 plants had random chiasmata only, three 
had 7R + 1L, seven had 6R + 2L, three had 5R 
-(- 3L, and two had 4R -{- 4L. Here, too, the local- 
ized bivalents were always the same size, indicating 
a definite pair in each instance. 

Levan (1941) reported on the cytology of six 
IX plants from seed set on the hybrid when isolated 
at least 400 meters from the parent species. All six 
plants were polyploids: two were triploid with 24 
chromosomes, three were hypotetraploids with 30 
and 31 chromosomes, and one had 32 chromosomes. 
Four of these (the two triploid plants, one hvpo- 
tetraploid with 31 chromosomes and another with 
32) were grown to flowering. Detailed eytological 
investigations were made of one of the triploids 
and the tetraploid. In the triploid the frequency of 
trivalents was high with most of the chiasmata 
being localized, but both random and local were 
found in the same cell. From both pollen mother 
cells and root tips it was determined that this plant 
had one A. cepa and two A. ftstulosum satellited 
chromosomes. 

In the plant with 32 chromosomes, the most com- 
monly occurring configuration was the typical A. 
cepa ring bivalent. No localized chiasmata were ob- 
served. A few trivalents and quadrivalents occurred, 
the frequency being less than one per cell. The 
chromosomes usually separated regularly with 16 
to each pole, and about 50 per cent of the pollen 
appeared to be good. At first the plant was con- 
sidered highly fertile since all capsules were ob- 
served to swell and seeds containing embryos were 
formed. Prior to dehiscence of the capsules, how- 
ever, the seeds began to atrophy and practically 
all rotted. Only one seedling was finally secured. 

Later Jones and Clarke (1942) described a spon- 
taneous amphidiploid from a cross between the A. 
cepa var. Australian Brown and A. fistulosum . This 
amphidiploid was about 50 per cent as self-fertile 
as the A . cepa and A . fistulosum parents. They did 
not observe any quadrivalents, but found a high 
frequency of 16 bivalents in which both randomized 
and localized types occurred in a ratio of approxi- 
mately 1:1, with a slight excess of random types. 
This differs considerably from Levan’s amphidip- 
loid type, which was highly sterile, with some quad- 
rivalents, and with the chiasmata always ran- 
domized. 

The A. fistulosum X A. ascalonicum hybrid ob- 
tained by Cochran was backcrossed as pollen par- 
ent to both A. fistulosum and A. ascalonicum. All 
of the plants in the A. ascalonicum backcross popu- 
lation had random chiasmata. The 104 plants in the 
backcross to A. fistulosum , however, were of eight 
types : 42 had random chiasmata only, 47 had local- 
ized only, six had 7R -}- 1 L. two had 6R -|- 2L, one 
had 4R -f- 4L, one had 3R + 5L, one had 2R -f* 
6L, and four had 1R -f- 7L. In the six plants hav- 
ing seven randomized and one localized bivalent, 
the latter was always of a definite size and shape. 


indicating that the same two chromosomes were 
always involved. In all other plants that had both 
random and local bivalents, the chromosome pairs 
were definitely of one type or the other. 

Materials and methods. — First backcross plants 
to A. fistulosum were selfed to obtain further infor- 
mation on the frequency of random and local biva- 
lents in their progenies. One of the six selfed plants 
had random chiasmata only, two had an occasional 
localized bivalent; the remaining three had predomi- 
nantly localized pairing, with few random bivalents. 
In addition a second backcross to A. fistulosum was 
made using as the pollen parent a first backcross 
to an A. fistulosum plant with 98 per cent random- 
ized chiasmata. 

The first hybrid plants and backcrosses to A . 
fistulosum were grown outdoors at Davis, Califor- 
nia. Later they were moved to the Plant Industry 
Station, Beltsville, Maryland, where they as well 
as all subsequent populations were grown in the 
greenhouse. All have behaved as perennials. 

A number of hybrids involving A. fistulosum and 
several different varieties of A. cepa have been 
grown and examined. Many backcrosses to A. cepa 
have also been studied. 

The various populations are designated as: the 
species hybrids, first backcross to A. cepa , first 
backcross to A . fistulosum, second backcross to A. 
fistulosum, and selfed backcrosses to A. fistulosum. 

The present paper includes the observations on 
all these progenies with special reference to the 
types of chiasmata found. 

All observations are from pollen-mother-cell 
smears stained in acetoearmine. The photomicro- 
graphs were made at a magnification of X 1*200 
and reduced to ca. X 900 f° r reproduction. 

Observations. — A typical diaphase in a pollen 
mother cell of A. cepa is shown in figure 1, A. The 
chiasmata are all arranged at random, and at mid- 
metaphase following terminalization only rings and 
rods are found. The Nebuka type of A. fistulosum 
used in the crosses was similar to Le van's forms 1, 
2, and 4 in which random bivalents occurred with 
a frequency of less than one per cell. Figure 1, B, 
C, and D are all from the same plant of A. fistulo- 
sum and from the same slide. They show (B) com- 
plete localization, (C) lR (a ring) -f- 7L, and (D) 
1R (a rod) -)- 7L. Thus in the Nebuka type of A. 
fistulosum at least one bivalent may have either 
random or local chiasmata. This is also true of the 
A. fistulosum used by Levan (1936) and by Maeda 
(1937). The frequency of non-local ized bivalents 
in our strain of A. fistulosum is considerably less 
than one per cell, and two have never been seen by 
us in the same cell. All the random bivalents seen 
were of either the ring or the rod type, but it was 
impossible to determine whether it was always the 
same chromosome pair. 

The species hybrids*— Recently it has been pos- 
sible to examine eytological ly 17 additional hyb ’ v * 
between nine different varieties of A. cepa, all 
crossed with the same inbred line of A . fistulosum. 
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and A. fistulosum. 

Hybrids 

Cepa parent variety 

Average 
number 
bivalents 
per p.m.c. 

GO 

W 

+ 

o 

*n+* 

Type of pairing 
i ( hi+h 5 n+t>i 

4 Ir f-8x 

%I~f 10i 

3n-rl3i 

Yellow Globe Danvers . . . 

7.59 

94 

24 

9 

1 

2 

0 

0 

Brigham Yellow Globe 1 

. . 7.7-2 

40 

8 

3 

0 

0 

0 

0 

Brigham Yellow Globe 2 

.. 7.72 

41 

11 

o 

0 

0 

0 

0 

Brigham Yellow Globe 3 

7.72 

36 

14 

0 

0 

0 

0 

0 

Brigham Yellow Globe 4 

7.62 

31 

19 

0 

0 

0 

0 

0 

Brigham Yellow Globe 5 

7.58 

35 

9 

6 

0 

0 

0 

0 

Brigham Yellow Globe 0 

7.51 

30 

20 

1 

1 

0 

0 

0 

Brigham Yellow Globe 7 

.. 7.37 

30 

12 

8 

0 

1 

0 

0 

Brigham Yellow Globe 8 

7.36 

22 

24 

2 

1 

0 

0 

0 

Creole 1 

7.27 

24 

19 

6 

.1 

0 

0 

0 

Creole 3 

. . 4.28 

0 

1 

3 

15 

8 

9 

2 

White Portugal 

7.86 

43 

7 

0 

0 

0 

0 

0 

California Early Red . . . 

7.36 

20 

21 

2 

1 

0 

0 

0 

Lord Howe Island 

7.29 

20 

27 

3 

1 

0 

0 

0 

Australian Brown 

7.24 

3 2 

28 

12 

1 

0 

0 

0 

Yellow Bermuda 

7.24 

27 

24 

10 

1 

0 

0 

0 

Mountain Danvers 

.. 7.09 

23 

28 

12 

1 

1 

0 

0 

Crystal Wax 

. . 5.87 

4 

17 

18 

18 

3 

3 

0 

Maecla’s hybrid 

7.68 

32 

10 

2 

0 

0 

0 

0 

A. fistulosum 









A. cepa 









Levan's hybrid 

. . . 5.98 

8 

26 

19 

18 

6 

3 

1 


A. cepa 
A. fist ul o sum 


The average number of chromosome pairs per pol- 
len mother cell in these hybrids and in our first 
hybrid (with Yellow Globe Danvers) is shown in 
table 1. There are also included data from Maeda 
and Levan. Only those cells were counted that 
lacked fragments and multivalents. 

Eight of our hybrids were between the Brigham 
Yellow Globe variety of A, cepa and A. fistulosum. 
While some variability in frequency of bivalent 
formation occurred in these eight plants, it is doubt- 
ful if it has any significance. The plants were grown 
in adjacent pots in the same greenhouse bench, and 
samples of pollen mother cells were collected from 
all at the same time. The difference in frequency 
of bivalent formation in our two hybrids between 
the A. cepa variety Creole and A . fistulosum was 
rather great and may have some significance, but 


the numbers involved are too few to ascertain this 
point with any degree of reliability. The first of the 
two hybrids was made with a commercial Creole 
bulb as maternal parent while in the second the 
Creole bulb was from an inbred line. The hybrid 
between the A. cepa variety White Portugal and 
A. fistulosum had the highest frequency of bivalent 
formation. There was probably no significant dif- 
ference in amount of pairing between the five hy- 
brids involving the A. cepa varieties California 
Early Red, Australian Brown, Yellow Bermuda, 
Lord Howe Island, and Mountain Danvers. The 
one with Crystal Wax, ho’wever, was almost as 
irregular in chromosome pairing as the second Cre- 
ole hybrid. None of the 18 hybrids produced any 
selfed seed. 

If chromosome pairing is to be accepted as a 


Table 2. Chromosome pairing in six first hackcrosses to A . cepa plants , 


Average num- 
ber bivalents 




per p.m.c* 

8 IX+°I 

»Il+3i 

%-Hi 

Brigham Yellow Globe (Yellow Bermuda X A. 




fistulosum ) 7.9 

45 

1 

0 

Australian Brown (A. cepa X A. fistulosum) 7.9 

53 

3 

0 

Early Yellow Globe (Ebenezer X A. fistulosum) .. . 7.9 

Early Yellow Globe (Brigham Yellow Globe X A. 

49 

4 

0 

fistulosum) * • *. 7.9 

Australian Brown (Australian Brown X A. fistulo- 

45 . 

5 

0 

sum) 7.8 

Early Yellow Globe (Australian Brown X A. fistu - 

42 

9 

0 

losum) 7.5 

30 

19 

3 
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criterion of relationship, the data in table 1 indicate 
that some varieties of A. cepa may be much closer 
to A. fistulosum than others. These differences in 
relationship are also indicated by the cytological 
evidence of different types of bivalent configura- 
tions found in the hybrids. For instance, in figure 1, 
F and G are shown first metaphases from two dif- 
ferent hybrids. The first is from our initial hybrid 
between* A. cepa var. Yellow Globe Danvers and 
A. fistulosum. The eight bivalents are closely paired, 



Fig. 2. A-C. Metaphase bivalents showing types of chl- 
asmata in second baekeross to A. fiMulosutn.—A . Plant 5 
with all chiasmata localized. X 900. — B, C. Plant 18, B 
with 2 randomized and 6 localized bivalents, € with 4 
randomized and 4 localized. X 900. 


five being rings and three rods. They are very simi- 
lar to those found in A. cepa. In figure 1, G, from 
the hybrid A. cepa var. Crystal Wax X A. fistulo- 
sum, there are only three closely paired bivalents 
(1, 2, 3), two very loose associations (4, 5), six 
univalents, and a fragment. In those hybrids in 
which a low frequency of bivalent formation oc- 
curred the chromosomes were paired mostly by 
loose terminal associations. In those with a high 
frequency of pairing, typical A. cepa rings and 
rods predominated. The latter plants also had high- 
er chiasma frequencies. Levan’s hybrid is appar- 
ently very similar to our Crystal Wax X A. fistu- 
losum, or Creole No. 2 X A. fistulosum, whereas 
Maeda’s more nearly approximates the one with 
White Portugal, Yellow Globe Danvers, or one of 
those in which Brigham Yellow Globe was the A. 
cepa parent. Since the same inbred line of A . fistu- 
losum was used in all our hybrids, the variability 
in frequency and type of bivalents formed indicates 
the existence of considerable variability within the 
A . cepa varieties. 

First hackcross to A. cepa . — Many plants of the 
first hackcross to A. cepa have been examined cyto- 
logically and no bivalents with localized chiasmata 
were observed. The frequency of bivalent formation 
in six of these plants selected at random from the 
available populations is presented in table 2. In 
each instance a different F\ plant was used as the 
pollen parent. The plants, as expected, had a high- 
er frequency of chromosome pairing than was found 
in the Fi individuals. The bivalents were all typical 
of A. cepa, and loose associations, such as occurred 
in some Fi plants, were rare. Two plants from 
backcrosses to A. cepa, Brigham Yellow Globe 
(Yellow Bermuda X A. fistulosum ) and Australian 
Brown (A. cepa X A. fistulosum ) , were as regular 
in chromosome pairing as A. cepa var. Yellow Globe 
Danvers. In spite of the high regularity of chro- 
mosome pairing found in some of these plants they 
have been, on the whole, highly self-sterile. Some 
individuals when self-pollinated during the past 
few years have yielded small amounts of seed, but 
most of them have produced no seed. Some second 
and third backcrosses to A. cepa have been made, 
but no data are available on the type of chiasmata 
or fertility of these individuals. 

First hackcross to A. fistulosum . — The data from 
the 17 plants secured by backcrossing the Fi plant 
to A. fistulosum are presented in table 3. The data 
on chromosome pairing and types of chiasmata were 
taken from different slides, hence the number of 
cells included in one group of data may not agree 
with the other. The plants are arranged in the order 
of percentage of localization of their chiasmata. 
Plants 1 and 2 had all bivalents localized and plant 
17 had none localized. The other plants had both 
randomized and localized bivalents in the same cell, 
but none were as regular in this respect as the first 
hackcross plants described by Maeda (1937). Ten 
of the 17 plants had bivalents predominantly local- 
ized. Even plants 9 and 10, which averaged 0.75 


July. 1045] 


EMSWELLER AND JONES CHIASM ATA IN ALLIUM 


375 


Table 3. Chromosome pairing, percentage of localization , and fertility in first hack-cross to A. fistulosum. 


Number cells showing 

chromosome pairing Averagc Frequency of cells with randomized and localized 
as indicated number bivalents as indicated 


Plant 

number 

8„ + 
0l 

7ll+ 

•I 

6n+ 

*i 

bivalents 
per p.m.c. 

8L+ 

0R 

7L+ 

1R 

6L+ 

3R 

SL+ 

3R 

2L+ 

6R 

1L+ 

7R 

0L4- 

8R 

localized 

bivalents 

per 

umbel . 

1 

64 

0 

0 

8.0 

8 

0 

0 

0 

0 

0 

0 

100 

292.0 

•2 

52 

1 

0 

7.9 

8 

0 

0 

0 

0 

0 

0 

100 

66.0 

3 

50 

0 

0 

8.0 

9 

1 

0 

0 

0 

0 

0 

99 

133.0 

4 

56 

0 

0 

8.0 

6 

1 

0 

0 

0 

0 

0 

98 

331.0 

5 

51 

2 

0 

7.9 

6 

3 

0 

0 

0 

0 

0 

96 

33.0 

6 

56 

0 

0 

7.9 

7 

1 

1 

0 

0 

0 

0 

96 

13.0 

7 

58 

1 

o 

7.9 

5 

2 

1 

0 

0 

0 

0 

94 

51.0 

S 

91 

o 

1 

7.9 

7 

0 

.1 

1 

0 

0 

0 

91 

88.0 

9 

55 

1 

0 

7.9 

4 

o 

2 

0 

0 

0 

0 

91 

114.0 

10 

85 

5 

0 

7.9 

6 

3 

3 

0 

0 

0 

0 

91 

305.0 

11 

50 

0 

0 

8.0 

0 

0 

0 

0 

1 

8 

0 

14 

1.0 

12 

40 

20 

2 

7.6 

0 

0 

0 

0 

2 

4 

3 

11 

6.0 

13 

52 

20 

3 

7.6 

0 

0 

0 

0 

0 

6 

3 

8 

.1 

14 

41 

8 

3 

7.7 

0 

0 

0 

0 

0 

1 

6 

2 

8.0 

15 

54 

1 

0 

7.9 

0 

0 

0 

0 

0 

1 

7 

2 

6.0 

16 

45 

3 

1 

7.9 

0 

0 

0 

0 

0 

1 

9 

1 

.2 

17 

44 

10 

0 

7.8 

0 

0 

0 

0 

0 

0 

9 

0 

6.0 


noil-localized bivalents per cell, were well within 
the frequency of 1.67 per cell reported by Levan 
as normal for his No. 3 strain of A. fistulosum. 
Plants 11 to 17 had predominantly randomized 
chiasrnata. Here, too, there was not a constant ar- 
rangement of 7R + 1 L or any other ratio. Plant 17 
was identical with A. cepa as far as non-localization 
was concerned. It, however, had more univalents 
than w*e have ever seen in any A. cepa. Figure 1, H 
is a cell from plant 10 with one random and seven 
local bivalents. Figure 1, E is from plant 17 with 
all chiasrnata random. 

The fertility of these plants, as expressed in 
number of seed per umbel, is also shown in table 3. 


All flower heads on each plant were self -pollinated 
and, as noted, there was a considerable difference 
in seed setting between the 10 plants with pre- 
dominantly localized chiasrnata and the seven with 
mostly randomized chiasrnata. Plants with localized 
chiasrnata averaged 120 seeds per head and those 
with randomized only 3.9. This difference could 
scarcely be attributed to decreased chromosome 
pairing, wiiieh averaged 98 per cent for the 10 fer- 
tile plants and 93 per cent for the seven with low r 
fertility. 

Second back cross to A . fistulosum . — The second 
backeross to A. fistulosum w r as made by using pol- 
len of plant I t from the first backeross to A. fistu- 


' Table 4 . Chromosome pairing and frequency of randomized and localized bivalents in second backeross to A. fistulosum. 


Plant 

number 

Number cells showing 
chromosome pairing 
as indicated 

8 1I+°I 6 II+ 4 I 

Average num- 
ber bivalents 
per p.m.c. 

Frequency of cells with randomized arid localized 
bivalents as indicated 

8L4-OR 7L+1R 6L+2R 5L-f3R 4L+4R 3L+5R 

Per cent 
localized 
bivalents 

1 

25 

0 

0 

8.0 

24 

1 

0 

0 

0 

0 

99 

3 

33 

1 

0 

■ 7.9 

18 

6 

0 

0 

0 

0 

97 

3 

25 

0 

0 

8.0 

20 

5 

0 

0 

0 

: ' o 

97 

4 

25 

0 

0 

8.0 

36 

9 

0 

0 

0 

0 

95 

5 

40 

0 

0 

8.0 

23 

15 

.2 

0 

0 

0 

94 

6 

33 

0 

0 

8.0 

18 

13 

1 

0 

0 

0 

94 

7 

31 , • 

0 

0 

8.0 

16 

14 

1 

0 

0 

0 

93 

8 

34 

1 

0 

7.9 

12 

10 

3 

0 

0 

0 

92 

9 

36 

0 

0 

8.0 

10 

14 

a 

0 

0 

0 

91 

10 

19 

9 

0 

7.6 

0 

24 

3 

I 

0 

0 

80 

11 

" ■ 33 . 

5 

0 

7.8 

5 ; 

19 

3 

0 

0 

0 

88 

13 

10 

9 

0 

7.5 

0 

18 

0 

1 

0 

0 

86 

13 

37 

3 

0 

7.9 

0 

20 

10 

0 

0 

0 

83 

14 

15 

1 

0 

7,9 

0 

8 

7 

1 

0 

0 

80 

15 

7 

18 

0 

7.3 

0 

7 

16 

1 

1 

0 

77 

16 

13 

13 

1 

7.4 

o ■. 

0. 

4 

9 

9 

3 

60 

17 

39 

0 

0 

8.0 

o 

0 

0 

18 

11 

0 

58 

18 

13 

0 

0 

8.0 

0 

0 

l 

4 

4 

3 

53 
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Icmnn. This plant had 7.7 bivalents per cell and 
only one localized bivalent in seven cells. It was 
also only slightly self-fertile. Eighteen plants were 
secured from this pollination, and the data on chro- 
mosome pairings percentage of localized chiasm at a, 
and frequency of randomized and localized biva- 
lents are shown in table 4. In this table the plants 
are also arranged from the highest percentage of 
localization of chiasmata to the lowest. The first 15 
plants all had fewer random bivalents than reported 
by Levan (1933) for A. fistulosum line No. 3. How- 
ever,, some of the plants, 10; 12; 14; and 15; had as 
many as three or four randomized bivalents in a few 
cells; whereas Levan indicated two per cell as the 
maximum for his No. 3 A. fistulosum . The last three 
plants; 16; 17; and 18; had almost half their bivalents 
held together by random chiasmata. There was not 
a constant arrangement of iR 7L in any of these 
second’backcross plants, nor any other constant 
combination of the two types of bivalents (table 
4). In figure 2, A there is shown a first metaphase 
from plant 5 with all bivalents localized. The 40 
cells examined in this plant were classified into the 
following groups as regards the types of bivalents ; 
23 cells had OR + 8L, 15 had iR + 7L, and two 
had 2R 6L. In figure 2, B and C, are two first 
metaphases from plant 18; B has 2R -j- 6L, and 
C has 4R + 4L. No data are available as to the 
fertility of these plants. 

Selfed A. fistulosum hackcrosses. — As shown in 
table 3; some seed was secured from all the plants 
in the first backcross to A. fistulosum . Seedlings 
from plants 5, 6; 9, 14, 15, and 17 were grown and 
examined for the types of chiasmata present. The 
progenies of plants 5, 6, and 9 had a high frequency 
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of localized bivalents. Five individuals from plant 
5, eight from plant 6; and two from plant 9 had, 
respectively; 96, 82, and 91 per cent of their biva- 
lents localized. In each plant most of the cells had 
eight localized bivalents and only a very few had 
as many as two random bivalents. The parents had 
94, 94, and 91 per cent localized bivalents. The 
three progenies from the randomized plants 14, 15, 
and 17 were more variable than those from the 
three localized plants. Plant 14 had 24 progeny, 
plant 15 four, and plant 17 two. The four plants 
comprising the population from No. 15 had 96 per 
cent of their bivalents randomized. The two plants 
from No. 17 had very few localized bivalents. Of 
the 24 plants secured from selfing plant 14, 20 
averaged 98 per cent randomized bivalents and the 
remaining four 88 per cent localized. The detailed 
data from this population are shown in table 5. A 
constant arrangement of either randomized or local- 
ized bivalents was not found in any of the plants, 
except the first nine that had all chiasmata random- 
ized. All nine plants were very regular and cyto- 
logically they were practically identical with A. 
cepa. Unfortunately no data are available on the 
fertility of any of the 24 plants. 

In the backcross and selfed populations the local- 
ized bivalents were sometimes difficult to analyze. 
Occasionally the chromosomes appeared to be in 
contact along most of their length, or two of the 
arms would lie side by side. These differences are 
clearly seen if figure 2, C is compared with 2 A. In 
the latter the chromosome arms are well spread and 
the bivalents show the typical cruciform configura- 
tion. 

Discussion. — The data presented by Emsweller 


Table 5. Types of chiasmata found in progeny secured by selfing first-backcross plant 14. 


Plant 

number 

Frequency of cells with randomized and localized bivalents as 
8R+0L 7R+1L 6R+3L 5R+3L 4R+4L 3R+5L 3R+6L 

indicated 

1R + 7L 

0R+8L 

Per cent 
randomized 

1 

10 

0 

0 

0 

0 

0 

0 

0 

0 

100 

2 

16 

0 

0 

0 

0 

0 

0 

0 

0 

100 

3 

18 

0 

0 

0 

0 

0 

0 

0 

0 

100 

4 

18 

0 

0 

0 

0 

0 

0 

0 

0 

100 

5 

14 

0 

0 

0 

0 

0 

0 

0 

0 

100 

6 

97 

0 

0 

0 

0 

0 

0 

0 

0 

100 

.. 7 . 

93 

0 

0 

0 

0 

0 

0 

0 

0 

100 

8 

94 

0 

0 

0 

0 

0 

0 

0 

0 

100 

9 

95 

0 

0 

0 

0 

0 

0 

0 

0 

100 

10 

93 

2 

0 

0 

0 

0 

0 

0 

0 

99 

11 

99 

9 

0 

0 

0 

0 

0 

0 

0 

99 

12 

■ 99 

1 

0 

0 

0 

0 

0 

0 

«) 

99 

18 

94 

1 

0 

0 

0 

0 

0 

0 

0 

99 

14 

14 

2 

1 

0 

0 

0 

0 

0 

0 

97 

15 

18 

3 

1 

0 

0 

0 

0 

0 

0 

97 

1 6 

3 

2 

0 

0 

0 

0 

0 

0 

0 

95 

17 

15 

8 

1 

0 

0 

0 

0 

0 

0 

95 

IS 

15 

9 

2 

0 

0 

0 

0 

0 

0 

94 

19 

19 

17 

4 

0 

0 

0 

0 

0 

0 

92 

90 

4 

5 ■' 

1 

0 

0 

. o' ■ 

0 

0 

0 

91 

91 

0 

0 

0 

0 

1 

4 

8 

4 

4 

21 

' 99 

0 

0 

0 

1 

0 

3 

21 

51 

33 

12 

93 

0 

0 

0 

0 

0 

1 

1 

7 

16 

6 ‘ 

24 

0 

0 

0 

0 

0 

0 

0 

3 

12 

9 
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and Jones (1935a and b), Maeda (1937), Levan 
(1936, 1941), and Jones and Clarke (1942), on 
localization of chiasmata in F 2 and backcross proge- 
nies of the species hybrid A. cepa X A. fistulosum 
appear contradictory. The data presented by Coch- 
ran (1942) from the hybrid A. fistulosum X A . 
ascalonicum may also be included here, if we assume 
that A. ascalonicum is analogous to A. cepa in the 
hybrid with A. fistulosum . 

There are some points upon which all the above 
investigators agree. For instance, all have reported 
only random chiasmata in A. cepa and occasional 
non-localized bivalents in A. fistulosum. Cochran 
(1942) also reports only random bivalents in A. 
ascalonicum. In the Fi plants so far examined, only 
random chiasmata have been observed. In the F 2 and 
the backcross to A. fistulosum , individual plants 
have been found in which both local and random 
bivalents occurred in the same cell. This is essen- 
tially, as pointed out earlier, the normal condition 
for A. fistulosum , . 

The differences reported are concerned with per- 
centage of complete pairing observed, fertility of 
the hybrids, frequency of randomized and localized 
bivalents in plants of backcross progenies, and the 
uniformity of types of bivalents in an individual 
plant. In addition there has been a considerable 
difference in the number of plants observed which 
could be classified as all randomized or all localized 
or of some intermediate type having both kinds of 
bivalents present. 

Allium cepa has been in cultivation for a long 
time and the wild form is unknown. The varieties 
used in producing these hybrids vary considerably 
from one another in many characters. As may be 
inferred from their names, they originated in widely 
separated regions where they were probably se- 
lected because of favorable reaction to a particular 
environment. 

There are also a large number of horticultural 
varieties of A. fistulosum. Levan (1933) mentions 
some 50 forms secured from various botanical gar- 
dens, and reports uniformity of cytological charac- 
ters in somatic chromosomes, but a few minor dif- 
ferences in meiosis. Felix (1933), in his note on 
disease resistance in A. fistulosum , lists four varie- 
ties of the Japanese onion Nebuka, namely, Natsu- 
negi, Sinju-negi, Tokyo, and Itwatsuki. Maeda 
(1937), in his study of the species hybrid and its 
derivatives, used three garden varieties of A. fistu- 
losum. These were Hidanegi, Wasenegi, and Ku- 
jonegi. Probably the differences in chromosome 
pairing and fertility of the various hybrids reflect 
the genic variability within both A. cepa and A . 
fistulosum. 

As already pointed out, in the first backcross to 
A. fistulosum secured by us the 17 plants were 
classified into two distinct groups, one with random 
and the other with local chiasmata. Most of the 
plants had both randomized and localized bivalents 
in the same cell but, unlike Maeda’s (1937) first 
backcross population, none had a constant ratio of 


so many random to so many local. There were two 
plants with localized chiasmata only and eight 
others in which most of the bivalents were of this 
type. Maeda’s backcross population of 21 plants 
had very few localized bivalents and no plants with 
this type of chiasmata only. In his plants with both 
sorts present, the ratios w r ere consistently 7R to lL, 
6R to 2L, 5R to 3 L. or 4R to 4L. In Cochran’s 
backcross to A. fistulosum , mentioned earlier, he 
also found plants with both types of chiasmata 
present in the same cell, and always in the same 
ratio. Unlike Maeda (1937), how T ever, 42 of the 
104 plants had random bivalents only and 47 local- 
ized only. The four plants with 1R -f- 7L, and the 
one plant with 2R -j- 6L could have been classified 
with the 47 localized plants since A. fistulosum does 
have occasional random bivalents. If only 50 or 
few^er plants had been examined the chances are 
that random and local individuals only would have 
been found. 

Excluding Maeda’s data, the evidence from first 
backer osses indicates a genic explanation for in- 
heritance of localized chiasmata. The data, how- 
ever, from our second backcross to A. fistulosum and 
our progenies from selfing first backcross to A. fistu- 
losum plants do not support this hypothesis. The sec- 
ond backcross to A. fistulosum was made with first- 
backcross plant 14 as pollen parent, and the same 
plant was also self-pollinated. As pointed out earlier, 
there were no plants from the second backcross 
to A. fistulosum that had random chiasmata only. 
The population differed considerably from our first 
backcross to A. fistulosum. The 18 plants secured 
could not be separated into two distinct classes on 
the basis of the type of chiasmata present. Most of 
the plants had a high frequency of localized biva- 
lents, and no plant had more than five with random 
chiasmata. In plants 16 and 18 there were at least 
three bivalents that had chiasmata random in some 
cells and localized in others, and in all other plants 
there were either one or two bivalents in this cate- 
gory. 

The 24 plants in the population, secured by self- 
ing plant 14 from the first backcross to A. fistulo- 
sum, differ considerably from the second backcross 
to A. fistulosum plants and also from Maeda’s F 2 
(1937). Nine of these 24 plants had random chi- 
asmata only, four others averaged 99 per cent ran- 
domized, and in seven others over 90 per cent of the 
bivalents had random chiasmata. In the remaining 
four plants the bivalents were mostly localized but 
none had all bivalents of this type. While there is 
some superficial indication of a 3:1 segregation in 
this population, the data do not justify this assump- 
tion. 

In the amphidiploid of Jones and Clarke, the 32 
chromosomes paired as bivalents. In some cells it 
was possible to distinguish eight pairs with ran- 
domized and eight with localized chiasmata, but 
frequently there was an excess of random types. It 
was suggested that while .the pairing was mostly 
A. cepa with A. cepa and A. fistulosum with A. fistu- 
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l os inn, there might also be some pairing of A. cepa 
with A. fistulosum. It should also again be pointed 
out that at least one bivalent is often random in A. 
fistulosum itself. 

The data presented by Maeda indicated that only 
definite chromosome pairs form cruciform configura- 
tions. From this it may be inferred that localiza- 
tion of ehiasmata occurs only when two A. fistulo- 
sum chromosomes pair. If this were the situation 
and random assortment of chromosomes took place 
in the F j. , it would be difficult to understand the F 2 
population secured by Maeda and also the results 
of selfing our first baekcross plant that had random 
ehiasmata. According to theoretical expectation the 
various types of plants should have occurred with 
the following frequency: 8R -f- OL, 11 per cent; 
7 II + lL, 13 per cent; 6R + 2L, 18 per cent; 5R 
+ 3 L, 21 per cent; 4R 4" 4L, 19 per cent; 3R + 
5L, 11 per cent; 2R + 6L, I per cent; 1R + ?L, 
.73 per cent, and OR + 8L, .01 per cent. Actually 
Maeda secured nine plants ( 69— |— per cent) with 
all ehiasmata random, two (15-j- per cent) with 6R 
+ 2L, and two (15+ per cent) with 5R + 3L. In 
our population tliere were nine all random plants, 
and 15 that could not be classified because of the 
variable numbers of random and local bivalents 
within each plant. 

The theoretical distribution of plants in Maeda’s 
baekcross to A, fistulosum would be as follows: 8R 
+ OL, .39 per cent; 7R + lL, 3+ per cent; 6R + 
2L, 11+ per cent; 5R + 3L, 22+ per cent; 4R + 
4L, 27+ per cent; 3R + 5L, 22+ per cent; 2R + 
6L, 11+ per cent; lR + 7L, 3+ per cent, and OR 
+ 8L, .39 per cent. He actually found 6 plants 
with 8R + OL (28+ per cent), 3 with 7R + lL 
(14+ per cent), 7 with OR + 2L (33+ per cent), 
3 with 5R + 3L (14+ per cent), and 2 with 4 R + 
4L (9+ per cent). 

The population of 104 plants observed by Coch- 
ran (1942) should have shown about .39 plants all 
random, 3 plants 7R + lL, 11 plants 6R + 2L, 
22 plants 5R + SL, 28 plants 4R + 4L, 22 plants 
3R + 5L, 11 plants 2R + 6L, 3 plants lR + 7L 
and .39 plants all L. The actual distribution was 
42-6-2-0-1-1-1-4-47. 

The differences between Levan's (1941) tetra- 
ploid and the one reported by Jones and Clarke 
(1942) indicate a different type of origin for each. 
In Levan’s plant localized ehiasmata were not 
found while in the other as many as eight localized 
bivalents per cell were not uncommon. Very prob- 
ably the latter was a true amphidiploid arising from 
the doubling of the chromosome number of an Fj 
zygote. The 32 chromosomes would then be 16 A. 
fistulosum and 16 A. cepa , both unmodified. In 
Levan’s plant the random arrangement of all ehi- 
asmata indicates that possibly two post-meiotic un- 
reduced gametes functioned, or the plant was some 
sort of autotetraploid derived from spontaneous 
chromosome doubling in a zygote formed by union 
of two gametes composed predominantly of A. cepa 
chromosomes. The high failure of chromosome pair- 


ing in Levan’s hybrid tends to support this assump- 
tion since most of the post-meiotic chromosomes 
were probably unmodified by crossing over. How- 
ever, the frequency of less than one polyvalent per 
cell reported by Levan (1941), as compared with 
6.5 per cell reported by Toole and Clarke (1944) 
in their colchicine-induced A. cepa autotetraploid, 
indicates that Levan’s plant was probably not a 
simple tetraploid of A. cepa. 

The results of our first baekcross to A. fistulo- 
sum indicated a gene mechanism for control of local- 
ization of ehiasmata. In the light of other data, 
however, it now appears more likely that the 1:1 
ratio of random and local plants is the result of the 
elimination of practically all gametes other than 
those with chromosomes predominantly A. fistulo- 
sum or A. cepa. This explanation was first sug- 
gested to us by Philip C. Burrell and was also 
offered by Cochran to explain his baekcross popula- 
tion. Since approximately equal numbers of each 
type of gamete would be formed, the 1:1 ratio would 
naturally result. The gametes, however, are prob- 
ably mostly composed of modified A. cepa and A. 
fistulosum chromosomes. From the data in table 1 
it can be seen that a considerable amount of chro- 
mosome pairing occurs in some hybrids. As a re- 
sult, decidedly different types of gametes would be 
formed. In some instances the post-meiotic chromo- 
somes would be composed of both A. cepa and A. 
fistulosum segments in varying proportions. This 
alone would account for some of the variability re- 
ported in baekcross populations. 

As pointed out earlier, the constancy of the ratio 
of random to local bivalents in the baekcross plants 
of Maeda and Cochran was not found in any of 
our plants. The two ehiasmata of a localized biva- 
lent are always one on each side of the centromere. 
This suggests that some feature of the centromere 
region of A. fistulosum chromosomes differs from 
the same sector in A. cepa chromosomes. Probably 
then, localization of ehiasmata can only occur when 
the members of a bivalent are homologous for this 
segment of A. fistulosum. In the hybrids it is prob- 
able that little crossing over occurs in the centro- 
mere region. As a result no localized ehiasmata are 
formed. The post-meiotic chromosomes which func- 
tion in making the baekcross populations are prob- 
ably composed of both A. cepa and A. fistulosum 
sectors. This would be especially true in those in- 
stances where the hybrid had a high frequency of 
chromosome pairing. Thus baekcross plants involv- 
ing different hybrids with A. fistulosum could be ex- 
pected to give varying results as to types of ehias- 
mata in their bivalents. In the new chromosomes 
with A. fistulosum centromere regions and A. cepa 
sectors in the two arms, the ehiasmata would likely 
be localized in some instances and randomized in 
others depending on where they were formed. As 
backcrossing to A. fistulosum was continued the per- 
centage of localized bivalents in the entire popula- 
tion would be expected to rise. That this occurred 
may be seen by comparing tables 3 and 4. In the 
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first backcross 59 per cent of the bivalents had 
localized ehiasmata, in the second backcross 84 per 
cent of the bivalents had localized ehiasmata. This 
increase occurred even though first-backcross plant 
14 used to produce a second backcross had almost 
100 per cent randomized bivalents. If any of the 
first 10 plants of table 8 had been used to produce 
the second backcross it is probable that the entire 
population would have had very few randomized 
ehiasmata. Likewise the data from selling plants of 
the first backcross to A. fistulosum show that those 
individuals with a high frequency of localized biva- 
lents produced plants with a similar condition, 
whereas those with a high frequency of randomized 
pairing gave progenies with mostly random biva- 
lents. The apparent 3:1 ratio for random versus 
localized pairing in the progeny of plant 14 (table 
5) is what would be expected if only gametes pre- 
dominantly like A. cepa or A. fistulosum functioned. 
Probably many of the chromosomes of plant 14 that 
produced this population were of A. cepa origin, 
hence the majority of the 24 plants in its selfed 
progeny had random bivalents. 

The much greater fertility of the first-backcross 
plants with localized ehiasmata (table 3) is rather 
interesting. The ten fertile plants averaged 7.93 
bivalents per cell, and the seven others had 7.78. 
This slight variation is probably not significant and 
cannot account for the great difference in fertility. 
All the more fertile plants had localized ehiasmata 
and probably had fewer segments of A. cepa chro- 
mosomes, so were predominantly of the A. fistulo- 
sum genotype. The sterile plants, on the other hand, 
probably had more blocks of A. cepa genes in their 
chromosomes since their ehiasmata were mostly ran- 
domized. This was indicated rather clearly by the 
appearance of the two groups of plants. The fertile 
individuals were almost identical with the A . fistu- 
losum parent, while the sterile plants all had some 
characteristics of A. cepa . 

SUMMARY 

In -A. fistulosum the ehiasmata of metaphase biva- 
lents are located one on each side of the centromere. 


The result is a cruciform configuration differing 
considerably from the rings and rods found in A. 
cepa, in which the ehiasmata are all randomized. 
In hybrids between these species the ehiasmata are 
all arranged at random as in A. cepa . Investiga- 
tions of these hybrids have resulted in conflicting 
reports concerning the behavior of the ehiasmata in 
plants from the backcross to A. fistulosum. These 
differences are concerned chiefly with fertility, fre- 
quency of both randomized and localized bivalents, 
constancy of the number of randomized and local- 
ized bivalents in a plant, and the frequency of 
highly randomized and localized plants. 

The 1:1 ratio of randomized to localized plants 
in our backcross population is believed to be the re- 
sult of elimination of most gametes not predomi- 
nantly A. fistulosum or A. cepa. Thus, backcrossing 
to A. fistulosum results in about one-half the plants 
having randomized and the other half localized 
bivalents. 

In many of the plants from the backcross to A . 
fistulosum some bivalents may have either random- 
ized or localized ehiasmata. This probably results 
from pairing between an A. fistulosum chromosome 
and a post-meiotie chromosome from the hybrid. 
The latter in some instances will contain segments 
from both A. cepa and A. fistulosum,. These new 
chromosomes should be almost pure A. cepa or A . 
fistulosum for a short distance on each side of the 
centromere. If a bivalent in a backcross plant forms 
ehiasmata on both sides of , and close to the centro- 
mere, it may be localized provided other ehiasmata 
are not formed in either arm. If ehiasmata are 
formed in the arms of the chromosomes only, the 
same bivalent may be randomized. 

First backcross plants that have predominantly 
localized bivalents give progeny with a similar type 
of ehiasmata. This is also true for plants with ran- 
domized ehiasmata. 

The greater fertility of first-backcross plants 
with localized ehiasmata is to be expected since 
these plants more closely approach the A* fistulosum 
genotype. 

Bureau of Plant Industry Station, 

Beltsvtlle, Maryland 
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GROWTH AND VASCULAR DEVELOPMENT IN THE SHOOT APEX OF SEQUOIA 
SEMPER VIRENS (LAMB.) ENDL. II. VASCULAR DEVELOPMENT 
IN RELATION TO PHYLLOTAXIS 1 

Clarence Sterling 


In an earlier paper (Sterling, 1945), the general 
cytohistology and organization of the shoot apex of 
Sequoia sempervirens were discussed. The present 
article in this series is concerned with phyllotaxis 
and the topography of vascularization in the shoot 
apex. Materials and techniques are identical with 
those described in the paper cited above. Drawings 
were made by the camera lucida technique and by 
microprojection. The methods of Esau (1942) and 
Crafts (i943a, b) were followed in the interpreta- 
tion of serial longisections and transections. 

It is the writer's opinion that an analysis of the 
course of the vascular bundles in relation to leaf 
arrangement will provide a background for the his- 
tological details of procambial development. In ad- 
dition, such an analysis is useful in considering the 
more general morphological relationship between 
“leaf” and “stem” in the shoot. The reader is re- 
ferred to Arber (1930, 1941), Sehuepp (1936), and 
Eames (1936, pp. 380-386) for general discussions 
on the origin and construction of the leafy shoot. 

Resume of theories dealing with phyllo- 
taxis, — Although several excellent histories and 
critiques of theories of leaf arrangement are to be 
found in the literature (Church, 1920; Snow and 
Snow, 1931; Hirmer, 1922) , it seems necessary to 
sum up these theories in order to introduce one which 
is currently finding increasing factual support. 

The successive leaves of a shoot are usually ar- 
ranged in an ascending spiral or in alternating 
whorls. These leaves are spaced at relatively con- 
stant angular distances in the horizontal plane. The 
angular distances, known as “divergences,” have 
also been expressed as fractions of the periphery of 
the shoot. At an early date, it was evident that cer- 
tain ratios were very common: 1/2, 1/3, 2/5, 3/8, 


5/13,. . . in an apparent summation series. 

This particular series, initiated by the fractions 
1/2 and 1 / 3, was given the name of the mathemati- 
cian, Fibonacci. Restricted between the values of 
1/2 (180°) and 1/3 (120°), the fractional values 
of the series gradually approach the limiting angle 
of 137° 30' 28,986", This angle then became the 
“ideal angle” for a certain school of botanists. Be- 
sides tins primary series, there were also recognized 
various secondary series, or “Nebenkette,” formed 
from these basic fractions: 

L 1/8 and 1/4: 2/7, 3/11, 5/18. . . to a limit- 
ing value of 99° 30' 6", 

2. 1/4 and 1/5: 2/9, 3/14, 5/28. . . to a limit- 
ing value of 77° 57' 19", etc. 

These latter series, however, occur more rarely than 
the Fibonacci fractions* (See Hirmer, 1922). 

The theories advanced to explain the regularity 
1 Received for publication March 12, 1945. 


to a limit- 



of leaf arrangement express, according to Snow and 
Snow (1931), two main views. These are as follows: 

One view is based on the concept of the so-called 
“genetic spiral” (basic type of spiral formed by the 
successively produced leaves). Many theories have 
been formulated to account for the location of leaf 
primordia at a fairly constant divergence angle of 
137%°. One theory relates arrangement of the leaf 
primordia to the securing of maximum illumination 
(Wiesner, 1907). Hirmer (1922) and Barthelmess 
(1935) have supported the more recent idea of the 
most equitable spatial arrangement (“die giinstige 
Raumausnutzung”) at the growing apex. Church 
(1920) has developed the concept of radiating 
growth impulses from the center of the shoot apex 
to explain the genetic spiral. This genetic spiral, 
according to all the above theories, is supposedly a 
result of inherent shoot relationships. 

The second view envisages the basic spiral as a 
secondary phenomenon resulting from the influence 
of the so-called “contact parastichies.” (In the 3/8 
phyllotactic system, a leaf primordium will be in 
contact with the 3rd and 5th older leaves at the apex 
when it arises. For leaf primordium “5,” the series 
of parastichies would then be 8-11-14... and 
10—15—20. . . See figure 1 at 160 jm below the sum- 
mit of the apical cone.) This theory, founded by the 
physiological anatomist Schwendener, states that 
the position of new primordia at the apex is deter- 
mined by the physical “contact pressures” of older 
primordia — more specifically, of the primordia of 
the contact parastichies (explained briefly by 
Weisse, 1900). 

General aspects of vascularization in the 
shoot OF sequoia. — The vascular strands of the 
apex develop in the eumeristem tissue which remains 
after the pith mother cells differentiate. There is 
no procambial ring in the sense of Kostytschew 
(1922, 1924). Instead, the vascular tissue differen- 
tiates from the eumeristem in the form of individual 
strands, before any trace of cortical vacuolation is 
noticeable. At the level of insertion of the second 
or third primordium, the strands are arranged to 
form a cylinder. The bundles are separated from 
one another by undifferentiated eumeristem. Kaplan 
(1937) has characterized the latter as “Restmeri- 
stem” or residual meristem, which is not microscopi- 
cally distinguishable from the neighboring tissue of 
the future cortical region at this stage. 

There are no “cauline” bundles in the Sequoia 
shoot as distinct from bundles common to both stem 
and leaf. Each leaf has a single trace. Apart from 
these traces and those of the axillary buds, there 
are no other bundles in the redwood shoot. Even the 
traces to the buds could logically be called “leaf 
traces.” (See below.) 
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A study of successive transections and longisec- 
tions lias established the fact that procambial 
strands develop acropetally from the stem into the 
leaves. These strands are continuous with older ones 
from which they branch. They are present in the 
shoot before the leaves, into which they will run, 
arise at the shoot apex (fig. 1). See also figure 3 
(Sterling, 1945) for a longisection indicating early 
acropetal procambial differentiation. 

The apex is provided with a “rosette” of young 
leaf primordia in addition to several developing 
foliar buttresses. These primordia and buttresses 
already possess procambial strands which are con- 
tinuous down to their points of branching from older 
traces. In addition, at various heights and in differ- 
ing degree of development in the shoot below, can 
be found procambial strands, whose leaf primordia 
have little or no visible representation at the apical 
cone (traces “-2” to “-6” in fig. 1). The procam- 
bial strand thus appears in the vascular cylinder 
before its associated leaf primordium is recognizable 
either as a series of periclines or as a hump on the 
flank of the apical cone (traces “-3” to “-6” in fig. 
1). Also appearing to substantiate the claim of con- 
tinuous, acropetal differentiation of the procambial 
strands is the fact that the farther the procambial 
cells of a strand are removed from the apex of the 
shoot, the greater is the extent of their differentia- 
tion, This last point will be discussed in greater de- 
tail in the third paper of the present series. 

The evidence furnished by Sequoia and brought 
forth by Lestiboudois (1840), Priestley, Scott, and 
Gillett * (1935), Smith (1941), Esau (1942), and 
Crafts (1943a) suggests that a third interpreta- 
tion of phyllotaxy is possible for traclieophytes. 
According to this view, the arrangement of foliar 
members at the shoot apex is determined not solely 
by the mutual relationships of leaves and shoot apex 
but, in some measure, by the vascular structure of 
the shoot. The acropetal differentiation of foliar 
bundles in the shoot prior to any sign of emergence 
of the related leaf primordium can be considered a 
partial determinant of the position of that primor- 
dium among its fellow members in the leaf rosette. 

Leaf and leaf trace arrangements in sequoia. 
— -Cross-sectional series of about 25 terminal buds 
were studied. In this limited sample, five different 
types of phyllotaxy were observed, four of which 
consisted of two pairs of sinistrorse (cathodal) and 
dextrorse (anodal) 2 complements of each other. The 
fifth type is a sinistrorse spiral, whose dextrorse 
complement was not observed in this group but 
whose existence is rendered possible by the pres- 
ence of the other pairs. 

A few types of leaf arrangement are shown in 
figure 1 (at 160 g) and figure 2 by means of dia- 
grammatic transections. The reason for the circa 
preceding the phyllotactic fractions in figure 2 can 
be understood if one follows the lines drawn from 

2 A dextrorse spiral is one in which the course of the 
spiral rises from left to right on the surface towards 
the observer; the sinistrorse spiral rises from right to left. 


the center of the shoot through the bundles of 
leaves of the supposed orthostichies in each dia- 
gram. That is, in a 3/8 series in a strict sense, there 
should be eight vertical rows of leaves or ortho- 
stichies along the shoot. Hence, in cross section, a 
line drawn from the center of the shoot through 
these leaves should be straight. Actually such a 
line curves very definitely. Thus there is no verti- 
cal orthostichy down the shoot, but rather a slight 
spiral around it. 

A random sample of 22 shoot apices yielded the 
following frequencies: 



Direc- 

Kum- 

Approxi- 

Phyllotaxis 

tion 

ber 

mate % 

(ca.) 3/8 spiral 

cathodal 

7 

32 

(ca.) 3/8 spiral 

anodal 

12 

55 

(ca.) 2/7 spiral 

cathodal 

0 

9 

Bijugate (ca.) 1/5 spiral 

anodal 

1 

4 



22 

100 

Two more apices were 

recognized 

in the 

field as 


hi jugate types and were studied closely because of 
their relative infrequency. 

The S/8 leaf arrangement. — In the {ca.) 3/8 
spiral (fig. I, 2a) the trace of each leaf has origi- 
nated from that of the 13th older leaf below. The 
vascular bundles of every 13th leaf are joined with 
each other, as follows: 27-14-1..., 28—15—2..,, 
etc. (fig. 1, 3a). This means that, if the leaf spiral 
is followed out, each orthostichy is connected by 
trace union with the next adjacent orthostichy. 
Since actually the leaf traces are not rectilinear in 
their upward paths but undulate slightly according 
to their distance from adjoining traces (fig. 4), and 
since the 8th and 13th leaves below a given leaf 
are each approximately equally spaced from the 
vertical plane of that leaf, it is seen that this 3/8 
phyllotaxis could as easily, or more easily, be called 
a 5/13 arrangement. 

Because the geometrical symmetry of the leaves 
at the rosette level can be variously interpreted in 
terms of orthostichies and parastichies, it is the 
writer’s opinion that the description of the various 
leaf and bundle arrangements in Sequoia can best 
be given by two figures: 

1. The approximate divergence angle and direc- 
tion between successive leaf primordia, 

2. The numerical constant (sympodial number) 
and direction of trace linkage (table 1). 

Hence the apex in figure 1 should be designated as 
137 1 / 2 ° -anodal (in terms of its leaf arrangement); 
1 3-eathodal (leaf trace arrangement), (Also see 
Esau, 1943a). The direction of trace linkage is 
anodal in shoots with the sinistrorse leaf spiral and 
cathodal in shoots with the dextrorse arrangement. 

It should be noted that the angles between suc- 
cessive leaf primordia are approximate. There is 
a wide range of divergences around the theoretical 
angle as a mean. 

The 2/1 leaf arrangement. — In the (ca.) 2/7 or 
99 x /% leaf spiral the trace of each leaf arises from 
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pected that the complementary type exists. See 

table I. 

The hi jugate leaf arrangement . — The most com- 
plex, in point of bundle union, is the (ca.) 1/5 or 
68%° bi jugate spiral (fig. 2c, d; Sc, d, e). Inciden- 
tally, it is interesting to note that the bi jugate condi- 
tion for Sequoia sempervirens has not been reported 
in the literature to this writer's knowledge, nor has 
the 2/7 system been mentioned in any work on this 
species. The bijugate type of phyllotaxis is quite 
similar to the decussate arrangement. It differs in 
that succeeding pairs of leaves are situated not at 
a divergence angle of 90° but at a smaller angle, 
so that there seems to be a 1/5 spiral when the 
successive pairs are followed up the shoot. 

The bijugate condition thus consists of two 
parallel or “sibling" primary leaf spirals. In one 
type, the approximate divergence angle is 68%°, 
with junction of every 5th trace in the same ge- 
netic spiral (fig. 2c, d; 3c, d). The direction of 
trace brandling in this type is opposite to that of 
leaf deposition. The complements of this type were 
observed. The second type (with only one repre- 
sentative studied, fig. 3e) likewise has an approxi- 
mate divergence angle of 68%°, but junction is 
with every 8th trace of the sibling spiral. Also, 
the direction of trace linkage in the latter is the 
same as that of leaf deposition (anodal here). It is 
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Fig. 2. Diagrammatic representation of some phyllo- 
taetie arrangements as seen in transections through vari- 
ous shoot apices at about 180 y below the summit of the 
apical cone. 

that of the 11th leaf below (fig. 2b, 3b). In the two 
representatives of this type of phyllotaxis, the sin- 
istrorse spiral was observed. Bundle linkage also 
proceeded in the cathodal direction. It is to be ex- 

Tablk 1. Types of phyllotaxis and trace union in Sequoia 
sempervirens. 

Phyllotaxis Trace union 




Diver- 
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Type I 

a 

137 Va® 

anodal 13 

cathodal 


b 

137 y 2 ® 

cathodal 13 

anodal 

Type II 
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99V 2 ° 

cathodal 11 

cathodal 


b 

Unobserved (possible complement of 
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Type III 

a 

68%” 

anodal 5 

cathodal 

(Bijugate) 

b 

68% ” 

cathodal 5 

anodal 


c 

68% ” 

anodal 8-sib 

anodal 


d Unobserved (possible complement of 
IIIc) 
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Fig, 3. Transect ion al diagrams complementary to those 
of figure 2, showing the corresponding bundle distribu- 
tion in those shoots. See text. 


Fig. L Diagrammatic series of transections through a representative shoot apex of redwood. Procambial bundles 
are indicated by solidly-inked oval areas. The numbers adjoining the bundles refer to the relative chronological 
appearance of their respective leaf primordia. Increasing values denote increasing age. Negative values refer to 
unformed, future leaves. The letter “A” designates axillary buds and their traces. Sections are indicated by their 
distances below the summit of the apical cone. 
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Fig. 4. Tangential longisection through an active shoot 
apex, showing the undulating vertical course of the vas- 
cular bundles. X 108. 

possible that a complementary form exists which 
was not discovered in this study. The type of bundle 
union depicted in figure 3e showed some instability , 
with the trace of a leaf occasionally branching from 
that of the fifth older leaf in the same genetic spiral. 

The above descriptions are somewhat inaccurate, 
in that only leaf traces are considered to be present 
in the shoot. The arrangement of bud traces and 
their influence on leaf trace behavior will be con- 
sidered below. 

The presence of different types of bundle ar- 
rangement in Sequoia raises the question as to their 
origin. Since no transitional types have been found 
and sufficient data in regard to the ontogeny of the 
various systems are lacking, no attempt will be 
made to analyze the causes of this diversity. The 
occurrence of bijugy is interesting in connection 
with the dicotyledonous condition of the redwood 
seedling and the opposite position of the two pro- 
phylls of the bud. 

Bud trace arrangements in sequoia. — The ob- 
served apices give enough stages in axillary bud 
formation to permit a brief review of the trace 
development. The bud primordium, like the leaf 
primordium, is already provided with procambial 
tissue at its earliest emergence from the flank of 
the apical cone (fig. 5, Sterling, 1945). This tissue 
consists at first of two meristematic strands arising 
from the traces next adjoining, situated cathodally 
and a nod ally, respectively, from the trace of the 


subtending leaf in the 1371/2° type (fig. l, 3a). 
Meyer (1917) has stated that all axillary buds in 
gym no sperms are provided with two primary bun- 
dles which are linked with the anodal and cathodal 
traces neighboring the bundle leading to the sub- 
tending leaf. These primary bundles, at least in 
Sequoia , are the traces of the future opposite pro- 
phylls of the axillary bud. As the bud develops, the 
traces of other leaves of the bud develop from these 
primary traces at various points along their length. 
Reeve (1943) observed somewhat the same phe- 
nomenon in Garry a. 

The leaf traces which branch from the prophyll 
traces develop at first, as seen in transection, two 
parallel groups of bundles, then an arc, which is 
finally closed to form the characteristic circle of 
bundles in the bud (fig. 1, at 1320 /x, 920 /x and 
760 /x). 

Bud formation brings in its train some minor 
disturbances of the “nor mar’ pattern of trace link- 
age. In shoots with the 99^° phyllotaxis, each leaf 
normally derives its trace from that of the 11th 
leaf below. When this 11th leaf below has a bud 
in its axil, however, the trace of the given leaf 
comes from that of the 7th leaf below. Analysis 
of transections reveals that, in contrast to shoots 
with the 137%° arrangement, the two primary hud 
traces are developed from the trace of the subtend- 
ing leaf. There appears to be no further branching 
from the bundle of the gemmiferous leaf. Since the 
7th and 11th leaves are fairly close to the same 
radial plane of this younger leaf above, it would 
seem that some spatial relationships of the cylinder 
of traces were maintained by the linkage with the 
7th leaf. Crafts (1943a) also found disturbances 
in trace union at the level of bud emergence. 

Discussion. — One of the principal facts revealed 
by the study of vascularization is the orderliness 
of leaf trace branching. Even the “aberrations” 
introduced into this system by the presence of 
axillary buds seem to have an orderly sequence of 
trace behavior. Although the vascular arrangements 
may differ from shoot to shoot in a given plant, 
the arrangement w T ithin the individual shoot is rela- 
tively constant. 

Church (1920) has suggested several inherent 
properties of the growing shoot that may account 
for this regularity of trace (and leaf) arrangement. 
These properties include genetically predetermined 
numerical factors (such as the number of trace 
linkage series), a factor for equal spacing of the 
members from each other, and a factor for physio- 
logical and anatomical localization of these mem- 
bers in orthogonal directions in space (localization 
of the traces in a cylinder through the shoot). Leaf 
arrangement at the shoot apex may be determined 
by these same factors, with the added indication 
that the position of leaf members in the apical 
rosette is partially predetermined by acropetally 
developing traces. 

Although it might seem that leaf position could 
be predicted entirely on the basis of trace arrange- 
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me nt, there are several facts making such a pre- 
diction difficult: 



1. The work of Helm (1932), Snow and Snow 
(1931 ), Snow (1942), Ball (1944), and others who 
have performed various types of experiments on 
the shoot apex seems to show that phyllotaxis can 
be considerably varied by external factors. How- 
ever, except for Helm, none of the authors has in- 
vestigated in detail the vascular situation in the 
altered shoots. Helm’s work did show the necessity 
of the presence of the leaf for continued differen- 
tiation in the trace of that leaf. Even here, the re- 
sults of excision are questionable because of pos- 
sible secondary effects of traumatic stimuli, wound 
chemicals, etc. (C/. Esau’s critique, 1943b, pp. 
150-151.) 

2. Even though it has long been recognized that 
opposite leaves do not arise simultaneously at the 
shoot apex, in one of the bi jugate types investi- 
gated (fig. 2c), the disparity in chronological ap- 
pearance and topographical position of the mem- 
bers of the youngest pairs was so great that it 
seemed as though a single spiral arrangement ob- 
tained at the apex. The leaf members appeared to 
show an independence of trace arrangement. How- 
ever, too much weight cannot be placed on the 
behavior of a single apex. 

3. In the case of shoots which have a 3/8 leaf 
arrangement, but in which there are 13 sympodial 
bundle groups, leaf position may be conditioned by 
the physical relationship between the width of the 
leaf insertion and the circumference of the shoot. 
It is a well-known fact that shoots of some plants 
may experience a shifting between various frac- 
tions of the Fibonacci series. These shif tings may 
not all be accompanied by corresponding altera- 
tions in the linkage of the vascular bundles. Simi- 
larly, one of the shoots designated as "2/7” has a 
leaf arrangement more nearly akin to 3/11 or 5/18. 

The theories of optimum spatial arrangement or 
of competing growth centers at the shoot apex 
(Priestley and Scott, 1933), which theories include 
the concept of a 120° minimum divergence angle, 
do not apply to two of the 22 apices selected at 
random. In these two, there is a divergence of ap- 
proximately 99% ° (noted also by Barthelrness, 
1935, in a shoot of Cedrus Deodar a), which does 
not provide an equitable spatial arrangement of the 
leaves but which seems quite stable and well organ- 
ized. It is to be stressed that the variability in 
phyllotaxy and trace arrangements in Sequoia sem- 
pervirens is not due to a shifting between the frac- 
tions of the Fibonacci series (table 1). Instead, the 
various systems appear to be unrelated, with little 
evidence for the possibility of transitions between 
them. 

Little support can be advanced for Barthelmess’ 
(1935) claim that the ratio of bundle width to 
stele diameter determines the linkage of leaf traces 
and their arrangement in the ring. The writer’s 
objection is that the assumption that the leaf traces 
differentiate basipetally has not been borne out by 


the present study. Moreover, the concept of a more 
or less fortuitous union of traces, implied by the 
theory, receives no support in the definite origin 
of traces from specifically situated older traces as 
found in Sequoia. However, it would seem that the 
formation of an axillary bud in a shoot with a 
99%° divergence could be considered as an ob- 
structing factor causing a basipetally differentiat- 
ing trace to be deflected to a different bundle from 
its "normal” companion, the trace of the subtend- 
ing leaf. 

It is the writer’s opinion that, with the number 
of trace linkage series (sympodial constant of Bar- 
thelmess, 1935) genetically determined in the grow- 
ing plant, the course of a new member of each 
series is fixed primarily by its spatial relation to 
other members of the ring. Analysis of transections 
appears to indicate that the new trace follows a 
course which would place it approximately equi- 
distant from its two next adjacent neighbors, what- 
ever their course, as long as they are component 
members of the ring. This could account for the 
fact that the course of an individual trace undu- 
lates in the tangential plane (fig. 4), as Geyler 
(1867, Plate V, fig. 1) has so well shown. (See also 
Crafts, 1943a.) 

With regard to the phyllotactie situation in Se- 
quoia sempervirens , there are two accounts in the 
literature : Geyler ( 1 867), studying lateral branches, 
reported a phyllotaxis varying between 2/5 and 
5/13, with emphasis on the former in his descrip- 
tion of the bundle arrangement. Crafts (1943a), 
studying a single cross-sectional series of a leading 
shoot apex, describes a 3/8 leaf arrangement in a 
cathodic spiral. He diagrams the vascular cylinder 
as being made up of 8 sympodial groups, with occa- 
sional "aberrant” linkages between a trace and 
that of the 13th leaf below. In the writer’s speci- 
mens, the 3/8 system was characterized solely by 
union between every 13th trace. 

In view of the diversity of phyllotactie and trace 
linkage systems in this single species, a proper 
understanding of their relationship to each other 
and to general shoot structure could probably bet- 
ter be served by a study of development of plants 
in which the phyllotaxis varies during the course 
of ontogeny. Particular attention, the writer be- 
lieves, should be paid to the vascular development 
in such a study. Investigations on experimental 
phyllotactie alterations should also include details 
Of vascularization. It is hoped that the analysis of 
developmental differences between systems as well 
as of "aberrations” within a system may clarify 
the relationship between phyllotaxy and vascular 
development. 

summary 

The procambial strands in Sequoia sempermrens 
differentiate acropetally in the shoot apex from 
older strands below. The strands are always con- 
tinuous, and they are present In the apex previous 
to the emergence of their respective leaf primordia. 
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The possibility is thereby indicated that the pro- 
cambial strands may have a partially determining 
influence on leaf arrangement. 

There are no cauline bundles in the redwood 
shoot. The bundles are common to both stem and 
leaf. The type of bundle linkage, and the corre- 
sponding leaf arrangement, vary in different shoots. 
In the same shoot, however, the manner of trace 
branching remains quite regular. 

Various types of leaf and leaf trace arrange- 
ments have been noted, among them a 137^ type, 
a 99V 2 ° type, and bi jugate forms. Complementary 
(Le., anodal and cathodal) spirals are common. 
The description of phyllotaxy is considered best 
represented by the approximate divergence angle 
and direction of leaf formation; and leaf trace ar- 


rangement by number of sympodial groups and 
direction of trace union. 

Two procambial strands branching from leaf 
traces below are present at the emergence of the 
bud primordium. These two strands are the vascu- 
lar bundles of the future opposite prophylls of the 
bud. The traces to the other leaves of the bud de- 
velop from the above-mentioned primary bundles. 

Various theories of phyllotaxy are discussed in 
relation to the results of the present investigation. 
A 11 attempt is made to relate leaf arrangement to 
vascular development in the shoot. 

Department of Botany, 

University of California, 

Berkeley, California 
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THE MECHANISM OF COLCHICINE-INDUCED CYTOHISTOLOGICAL CHANGES 

IN CRANBERRY 1 

Haig Dermen 2 


Attempts to induce polyploidy by means of 
colchicine have been markedly successful with 
many herbaceous plants, but have been only rare- 
ly successful with woody and semiwoody plants 
(Dermen and Scott, 1939; Dermen., 1941; Gra- 
ner, 1941; Dermen and Bain, 1944). Further- 
more, results with many herbaceous plants have 
indicated that all new growth following colchicine 
treatment may show a polyploidy condition. How- 
ever, the work of Satina, Blakeslee, and Avery 
(1940) indicates that even in such plants not all 
of the tissues may become polyploidized uniformly; 
thus the polyploid condition in treated herbaceous 
plants may be confined to a sector within a particu- 
lar tissue or tissues, or to one whole tissue and not 
to others. 

Results with peach, a woody plant (Dermen, 
1941), and cranberry, a semiwoody plant (Dermen 
and Bain, 1941, 1944), have indicated that in these 
plants the occurrence of the polyploid condition in 
all tissues resulting from colchicine treatment is 
probably very rare. When colchicine treatments of 
these plants did produce polyploidy, it was almost 
entirely confined to sectorial and periclinal cyto- 
ehimeras from which, in the case of cranberry, 
various polyploid types have eventually been iso- 
lated and propagated. 

It is the purpose of this discussion to consider 
the cytohistological basis for sectorial and peri- 
clinal cytochimeras in colchicine-treated cranberry. 
A clear understanding of the facts underlying these 
changes will undoubtedly help to explain properly 
some of the complexities and to overcome some dif- 
ficulties encountered in attempts to induce poly- 
ploidy in plants of semiwoody and woody types. It 
is hoped that the discussions presented will be of 
particular value in working out more successful 
methods of identifying and isolating polyploid 
material from colchicine-treated plants. 

The following studies are believed to have a very 
definite bearing on our understanding of the method 
by which the stem apex propagates itself, as well 
as of the histogenesis of primary tissues, and the 
ontogeny of various plant organs. It appears that 
induction of polyploidy by colchicine not only may 
result in plants of economic value, but it may also 
provide material for a study of many fundamental 
botanical problems which hitherto have been diffi- 
cult of solution. 

1 Received for publication March 19, 1945. 

The writer is indebted to Dr. H. A* Borthwiek for 
many discussions with him; these had a crystallizing in- 
fluence upon many aspects of the problems dealt with 
herein. Tam also indebted to many of my colleagues for 
critical reading of the manuscript. 

2 Associate Cytologist, Division of Fruit and Vegeta- 
ble Crops and Diseases, Bureau of Plant Industry, Soils, 
and Agric. Engineering, Agrie. Research Administration, 
U. S. Department of Agriculture. 


Further studies are in progress dealing with the 
ontogeny of tissues in various parts of the cran- 
berry plants. These studies are being made with 
different types of periclinal plants that show eyto- 
logical differences either between corresponding 
tissues in the several plants or between different 
tissues in a given plant. 

Primary histogenic layers. — Vegetative growth 
in a stem is primarily centered in the stem apex; 
more specifically, at the apical dome (fig. 1 and 2). 
The apical dome shown in longisectional view in 
figure 1 was that of an axillary bud at the begin- 
ning of its initial growth into a branch, whereas the 
dome shown in figure 2, also a longisectional view, 
was from the apex of a runner branch ; both were 
from diploid plants. Apical domes in axillary bud 
and growing stem are fundamentally similar. In a 
mature seed the central point of growth in the epi- 
cotyl of the embryo corresponds histologically to 
the apical dome in the bud and stem. This seems to 
have been demonstrated by the cytohistological 
studies of Datura by Satina, Blakeslee, and Avery 
(1940). 

In cranberry the cells at the curvature of the 
dome, especially at the highest point of its curva- 
ture, indicated by an arrow (fig. 2), are arranged 
in three histogenetieally significant layers, desig- 
nated here as primary histogenic layers. The num- 
ber of layers at the apical dome may differ from 
species to species but appears to be constant and 
characteristic for each species. However, in some 
groups of plants no definite and histogenetieally 
independent layers exist (Foster, 1939, 1941, 1943, 
and others). 

The controlling mechanism in maintaining the 
constant number of histogenic layers at the apical 
dome lies in the mode of division of the cells of the 
histogenic layers. There are two principal direc- 
tions of cell division: anticlinal and periclinal . By 
anticlinal division cells multiply and grow in a 
spreading manner to form a uni seriate layer, where- 
as by periclinal division cells are added one over 
another, resulting in growth in depth. In the cran- 
berry, the cells at the very center of the first or 
outermost layer of the apical dome divide anti- 
clinally; the central cells in the second layer usu- 
ally divide anticlinal ly ; and those in the third layer 
divide both anticlinal ly and per ieli rial ly. L-I, L-I I, 
and L- I 1 1 are hereafter used to designate the first 
or outermost, the second, and the third layers, re- 
spectively, following the usage of Satina and 
Blakeslee, 1941. By the anticlinal method of divi- 
sion in L-I and L-Il a quite distinct line of demar- 
cation appears between L-I and L-I I, and between 
L-II and L-I 1 1 at the apical dome; hut because of 
the fact that periclinal divisions as well as anticlinal 
divisions occur in L-I II at that region, no line of 
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^ . .S' ** Longisectiofial view of a lateral bud showing the apical dome inclosed by bud scales and young 
leaves. This is the stage of bud development at the time colchicine is applied in cranberry. X 135. — Fig. 2. Longi- 
sectional view of the apical dome of a growing runner branch. The three uppermost layers (L-I, L-II, and L-III) in 
the dome represent the primary histogenic layers in cranberry. The arrow points to the central point of the dome. 
X 600 Fig. 3. Top or face view of the summit pf the dome at the level of the outermost layer, L-I. The cells a, b, 
and c are the most central cells. The figure shows the way these cells are arranged. X 1200.— Fig. 4. Two off-center 
cells at the dome show colchicine effect. X 400. 
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demarcation may appear between L-III and cells to ploidy in cranberry seems to make it evident that 
which L-III gives rise. Future studies may indicate not all cells of the meristematic tissue in the treated 
more definitely whether the mode of cell division area become colchicine affected. The affected cells 
characteristic of each layer may ever change at the in cranberry may include, besides those already at 
apical dome to alter the character of certain types metaphase, those that are soon to enter the ineta- 
of periclinal and histogenetic development in vari- phase from the prophase stage. It is very likely 
ous parts of the plant. that the cells in nuclear stages farther back than 

Cellular arrangement in histogenic layers prophase are often forced to remain in a quiescent 
and the origin of sectorial and periclinal cyto- stage under what might be termed a mildly toxic 
chimeras. — The cells in the primary layers at the effect of colchicine. This assumption is not at all 
stem apex are all meristematic and appear alike in improbable, considering the fact that the growth 
all respects. Each cell in each layer has no doubt of the treated plant material is always slowed down, 
the same genetic potentiality, but a few cells in each When colchicine has disappeared from the meri- 

layer, by their position in the curvature of the api- stematie tissues, presumably by diffusion and dilu- 

cal dome, have the function of carrying on the his- tion through the plant system, the activity of meri- 

togenetic continuity of each layer. These cells are stematie cells is revived. Consequently, at the start 
those located exactly or approximately at the cen- of new growth following treatment certain parts of 
tral point in the curvature of the apical dome. In the tissues will arise from the affected cells and 
cranberry the number of cells thus located in each therefore be polyploid, and other parts, arising 

layer may be one, two, or three. These cells are from unaffected cells, will be cytologicully un- 

irregular polygons, with usually more than four altered. 

sides apparent when viewed from above; and there- The occurrence of polyploid sectors and the for- 
fore, with such cellular forms, not more than three rnation of periclinal polyploidy may be better un- 
cells as a rule can be located in the very central derstood when we take under consideration the fol- 
point simultaneously and maintain a central posi- lowing points: (1) the cellular arrangement in the 
tion on the curvature of the dome as the cells divide histogenic layers, (2) the apparent histogenetic in-' 
and the stem grows forward. Therefore a tissue dependence of the three layers, and (8) the fact of 
derived from each histogenic layer will arise from partial colchicine effect just pointed out. In figure 
either one, two, or three cells. 3 is shown the top view (face view) of the apical 

As pointed out previously (Dermen and Bain, dome at the level of L-I. Central cells at the dome 
1914), the frequent production of sectorial rather apex show up clearly, while the other cells, off- 
than complete tetraploidy following colchicine center and farther down on the slope of dome 
treatment of the apex of a growing stem or bud of curvature, show less clearly. It appears, therefore, 
cranberry indicates that not all the cells in a meri- that the 3 marked cells, a , b, and c (or possibly 
stematie tissue may be affected simultaneously. In cell a alone), which seem to be the most centrally 
meristematic tissues generally (excluding micro- located, will be the ones to perpetuate the growth 
sporogenous tissue in the anthers at the time of of L-I during the course of growth in length of 
meiosis), such, for instance, as those at the apical the stem. When figure 3 is examined closely, it 
dome of the stem apex, the cells are at any one appears that 3 cells generally touch each other at 
time in different stages of development. The great one point. It seems, therefore, that with such a 
majority are in the nuclear phase (chromosomes cellular arrangement, usually not more than S cells 
still within a nuclear membrane), with only three could maintain a more or less central position at 
to five per cent of cells in mitotic phases (ineta- the summit of the dome. A similar situation would 
phase, anaphase, and telophase) (Dermen, 1938, be expected in L-II and L-III. 

1940). It is the cells at mitosis that are affected Normally the character of a tissue will be the 
by the colchicine. Cells in nuclear phase at the time same, whether it is derived from one cell or from 
of colchicine application may become affected only many cells. With polyploidy in some cells and 
if they advance to the metaphase condition while diploidy in others, however, experimental results 
there is an effective amount of colchicine diffused have shown that the two portions of the same tissue 
into those cells. derived from cytologically different cells show cer- 

It seems that in many herbaceous plants, where tain definite changes that can be recognized, the 
polyploidy has been total, usually all of the cells principal recognizable changes being in size of cells 
of meristematic tissues which are reached by colehi- and size of mature plant organs, and possibly many 
cine may become affected. Presumably this is he- other features. 

cause the cells in the nuclear phase advance practi- It appears to be purely a matter of chance 
cally unhindered to the metaphase stage and in whether only one cell, two cells, or three cells have 
their turn become colchicine-affected. This may ac- a central position in each histogenic layer; conse- 
count for the preponderance of complete polyploidy quently if one cell is most centrally located and 
in herbaceous plants following colchicine treat- that one happens to be polyploidized, the layer in 
rnent. which this cell is found and the tissue to which it 

The case with cranberry appears to be different, will give rise will be wholly polyploid. If two cells 
Preponderance of sectorial and periclinal poly- are centrally located, and one is polyploidized, half 
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of the layer and half of the tissue derived from polyploid sector from one-third to two-thirds of the 

that layer will be polyploid and the other half of total width, or the reverse. A number of such cases 

the layer and of the tissue will be normal. When have actually been found to occur in cranberry. On 

three cells are located centrally and one or two are the other hand, it is perhaps remarkable that such 

polyploidized, then approximately one-third or two- polyploid sectors persist as long as they do. In one 

thirds, respectively, of the layer will be polyploid case an epidermally tetraploid sector in cranberry 

and the remaining portion will remain normal. In persisted along the entire four feet of a runner, 

the same proportion, the portion of tissue derived Axial polyploidy and localization of poly- 
from the layer thus cytologically altered will show ploidy. — Polyploidy occurring in meristematic cells 
polyploidy.* Therefore the width of a sector of a anywhere else than in the centrally located cells at 
polyploidized tissue would not be expected to be the apical dome is here designated as axial poly- 
less than approximately one-third of the circum- ploidy. Such polyploidy may be isolated or local- 
ference of the cylinder or the body of a tissue. This ized, except when a new apical meristem is formed 
width would be expected to be influenced by a in such an isolated area and develops into an axil- 
greater or lesser rate of cell division or magnitude lary bud. In figure 4 two cells in the apical dome 
of cell size in the remaining portion of the tissue, appear to have been affected by colchicine [imme- 
Since the histogenie layers appear to be inde- diate colchicine effect in meristematic cells is recog- 
pendent of each other, and in cranberry the colchi- nized by massed chromosomes appearing as dark 
cine effect is often partial (some cells become dots in the affected cells under a low magnification 
affected and others do not), polyploidy may be (Dernien and Bain, 1944)]. These cells are notin 
induced totally or partially in one layer and not the center of the dome, hence the new tissue pro- 
at all in the others. Whenever there is a partial duced by the cells that are in the center of the dome 
effect, sectorial polyploidy is induced independently will be cytologically unaltered. The extent of poly- 
in each layer (a sectorial chimera occurring inde- ploid tissue resulting from the affected cells would 
pendently in each tissue has been named “meri- be limited and would depend upon the number of 
dinar’ by Jorgensen and Crane, 1927). When a cells derived from them; and this, in turn, would 
whole layer is affected and one or two others are be affected by the proximity of such cells to the 
not, the result is a periclinal polyploid form, which apical center. The closer such cells are to the api- 
comprises the bulk of propagated material obtained cal center the greater will be the number of deriva- 
from colchicine-treated cranberry plants. tives from them and therefore the greater will be 

Apical polyploidy and continuity of poly- the dimensions of the resulting polyploid tissue. 
ploidy. — Meristematic activity is not confined to Cytological basis of cranberry phyllotaxy. 
the apical region of the stem alone, but it extends — In cranberry, leaf primordia are initiated at 
1,000 microns or more from the apical dome back points about five or six cells away from the center 
into the primordial internodal and nodal regions, of the apical dome. The vertical distance between 
and into already differentiated external and inter- the point of origin of leaf primordia and the true 
nal tissues. Consequently, it seems that when col- apical center, as measured along the axis line, is 
chicine is applied to the stem apex, its polyploidiz- about 15 microns. The distance along the runner 
ing effect may be observed in the primary histogenie axis between the two youngest leaf primordia near- 
layers at the apical dome and also wherever else est to the apical dome is about 20-30 microns. The 
cell division is occurring. When one, two, or all three meristematic cells in the dome region are practically 
of the central cells in the apical dome are poly- isodiametric and measure about eight microns. Since 
ploidized, the resulting polyploidy is designated the distance between the two youngest leaf primor- 
as apical polyploidy. ‘ dia is about 20-30 microns, it appears that leaf 

Polyploidy becomes continuous or perpetual if primordia are initiated along the apical dome of 

a colchicine effect occurs in the apical central cells, the cranberry stem about three cells apart. The 

Polyploidy throughout a histogenie layer indicates number of fully elongated cells along a mature in- 
that the one, two, or three cells in the exact center ternode in a vertical line between two adjacent 
of the apical dome have become polyploidized. In leaves is about 100, and the distance between the 
the case of sectorial polyploidy, more than one cell axils of mature leaves measures, on the average, 
(either two or three) must be in the center of the about 10 millimeters, or 10,000 microns, each cell 

apical dome in a given layer, and of these, one of thus averaging about 100 microns in length, an ex- 

the two, or one or two of the three, alone must have pansion of about twelve times the initial eight mi- 
been polyploidized. It is, however, unlikely that crons. It is indicated, therefore, that each of the 
the same two or three cells would perpetually re- three cells between the two youngest primordial 
main in the exact center of the dome. Therefore, it leaves may divide about five times and thus give 
is likely that sooner or later a little shift in position rise to 32 cells, making a total of about 96 cells, a 

of these cells may occur, causing either a polyploid- number close to the approximate number 100, given 

ized cell or a diploid cell to lose its central position. above. Similarly, the approximate number of epi- 

JThis might transform a polyploid sector either to dermal cells in a transection of a fully expanded 

a completely diploid condition or to a completely internode ranges from about 200 to 350. Since the 
polyploid condition, or change the width of the diameter of a mature stem section is about 1 to 
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millimeters, or 1,000 to 1,500 microns, its circum- 
ference is about 3,100 to 4,700 microns; thus the 
average cell dimension in a cross section in a ma- 
ture epidermal layer would be about 15 microns, 
just about twice the initial eight microns. Assum- 
ing that there is a maximum of three initial cells at 
the summit of the apical dome, it appears, there- 
fore, that each of the three cells divides six or 
seven times to make the number of cells in a trans- 
verse section of the mature epidermis 192 or 384, 
approximating the 200 to 350 actually found. 

Phyllotaxy of cranberry was found to be 5/13 
(Bain and Dermen, 1944). If phyllotaxy in plants 
is of ontogenetic significance, each leaf primordium 
must have a morphogenetically determined locale, 
and the spacing between leaf primordia at the base 
of the apical dome must be quite precise, exclusive 
of any factor, artificial or natural, that would affect 
otherwise normal morphological development of the 
plant at the stem apex. In transection the number 
of cells in L-I at the base of the apical dome where 
leaf primordia originate appears to be over 20 and 
less than 30. On the basis of 5/13 phyllotaxy in cran- 
berry, the number of leaves per cycle around the 
stem would be 13/5 or 2.6 leaves. In two cycles 
there should be 5.2 leaves, in three cycles 7.8 leaves, 
in four cycles 10.4 leaves, and in five cycles 13 
leaves. Therefore, it is probable that the number of 
cells at the basal periphery of the apical dome in L-I 
at the point of leaf initiation is 26, or approximately 
so, and that each leaf primordium is separated ra- 
dially from the next by ten cells in the basal periph- 
ery, on the basis that there are 2.6 leaves in a 5/13 
phyllotaxy. These figures concerning the number 
of cells and measurements of internodes and thick- 
ness of stem are variable, the growth activity at 
both the initiation of leaves and the expansion 
of the stems being influenced by environmental 
changes. 

CyTOHISTOLOGICAL DETERMINATION OF POLY- 
PLOIDY EFFECT FOLLOWING COLCHICINE TREATMENT. 

— From the data presented above it becomes clear 
that the region of polyploidy derived from the col- 
chicine-affected cells shown in figure 4, which are 
off-center, may be limited to only a short distance 
along a mature stem. Thus, from one cell polyploid- 
ized when off-center only one node may be found, 
at maturity of the stem, containing polyploid cells 
in one of its histogenic layers. If two such off- 
center, but distantly situated, cells become poly- 
pi oidized and initiation of leaf primordia occurs at 
those points, then there will be two independent 
nodes showing polyploidy. If leaf primordia do 
not happen to originate from such cells, the poly- 
ploidy will be confined somewhere within the inter- 
nodal regions. The width of polyploidized tissue 
resulting from each of the two cells in figure 4 will 
be considerably less than one-third of the stem cir- 
cumference, since a width of one-third of the cir- 
cumference may develop only if a colchicine-affected 
cell belongs to one of the three cells holding a cen- 
tral position simultaneously, as pointed out above. 


However, the dimensions of localized sectors may 
at times be one-third or greater if two or more cells, 
which are off-center but adjacent to each other, 
become similarly affected. 

Stem apexes of three short runners measuring 
6.5, 10, and 12.5 centimeters, respectively, develop- 
ing from three colchicine-treated buds, were fixed 
26 days after bud treatment (Dermen and Bain, 
1944) and studied cytologieally. All available mi- 
crosections from each runner were surveyed for 
metaphase face-view figures to determine directly 
by chromosome number, or its estimate, the extent 
of polyploidy throughout the apex, and thus the 
effectiveness of the colchicine treatment in each 
branch. The examination of transections extended 
from the apical dome back about 1,000 microns. In 
the cortical tissue of the 12.5-centimeter runner 
there were diploid, tetraploid, and octoploid cells. 
A little over half of the cortical tissue in a 6.5- 
centimeter runner was diploid; the remaining por- 
tion was mostly tetraploid, with a small diploid 
sector cutting the tetraploid area in two. The tis- 
sues in the 10-centimeter runner were not affected 
by colchicine and were entirely diploid. 

In order to determine the location and extent of 
polyploidy in the tissues in the 12.5-centimeter 
runner, the position in transection and the ploidy 
of each cell showing a face-view metaphase, for all 
87 sections cut, were recorded in the proper quad- 
rant of the diagram presented in figure 6. Small 
round marks represent cells with diploid chromo- 
some number, medium round marks cells with tetra- 
ploid number, and large round marks cells with 
octoploid number. The central area of the diagram 
represents the pith ; the narrow cylinder around the 
pith represents the stele; the outer, wide cylinder 
represents the cortical tissue ; and the outer circum- 
ference line represents the epidermal layer. The 
diagram was divided into quadrants to facilitate 
more or less accurate location of the diverse cyto- 
logical conditions in large numbers of sections sur- 
veyed. A photomicrograph of one section, the 52nd 
from the apical dome, is shown in figure 5. The 
positions of the two figures roughly correspond 
with each other. Therefore, the cytological make- 
up indicated in the diagram is roughly similar to 
the true condition in the apex at the level of the 
section shown in the photomicrograph. The many 
cells at metaphase face-view showing tetraploidy 
were scattered throughout the serial transections 
of the stem, with no apparent regularity of pattern. 
Octoploid cells were evident at two locations, one 
in the cortical tissue and the other in the pith. A 
few diploid cells are grouped throughout the stem, 
making up small diploid tissue areas. This cytologi- 
cal situation represents true “mixoploidy,” which 
should not he confused with sectorial and perielinal. 
polyploidy. 

The scattered distribution of the polyploid cells 
in the diagram in figure 6 indicates that there is 
not any single cytologieally homogeneous sector or 
area occupying about one-third, one-half, or two- 


j; 


392 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 




Fig. 5-6. — Fig. 5. A transection through the apex (53d 
section from the dome, 13 fi thick) of a runner 13.5 centi- 
meters long. It shows mixoploid condition at such a dis- 
tance in the runner. X 90. — Fig. 6. A diagram showing 
position and ploidy of cells at metaphase stage in all 87 
sections cut from the apical portion of the above runner. 
Details in text. 

thirds of any one tissue derived from any particu- 
lar histogenic layer in this runner; furthermore, the 
number of polyploid sectors or areas is too exces- 
sive for these sectors to be of apical origin. There- 
fore, the polyploid sectors or isolated patches ob- 
served must have been derived from polyploidized 
cells located in the inner portion of the apical dome 
rather than at its summit. The pattern of colchi- 
cine-affected cells which could have produced such 
numerous and cytologically diverse sectors is illus- 
trated in figures 7 and 8. These sections are from 
two buds fixed 21 hours after colchicine treatment, 
one a longisectional view through the center of the 
bud apex and the other a transection at the level 


of L-III. Under these conditions, where several 
adjacent meristematic cells have been affected by 
the colchicine, the resulting polyploid sector might 
be relatively wide or extend for some distance in 
the runner stem. In such material, prepared for 
cytological observation, some transections might 
show complete polyploidy, but its extent longitudi- 
nally in the stem would probably be very much 
limited, to include at most not more than one in- 
ternode. Such localized polyploidy could result in 
apical polyploidy if a lateral bud should arise from 
such a polyploidized area. 

Method of locating apical polyploidy in 
treated material, and its basis. — A considera- 
tion of the morphological changes occurring in the 
normal development of a lateral bud into a runner 
is necessary to understand the manner of determin- 
ing the location of apical and axial polyploidy fol- 
lowing colchicine treatment of the lateral bud. At 
the time of treatment of the lateral bud in cran- 
berry, the length of its axis, from the apical dome 
to the main stem, was about 500 microns. Around 
the axis of such a bud, but below the dome, there 
were about twelve nodes. When such a bud con- 
tinues its development into a runner and tlie bud 
axis has extended from 500 to 1,000 microns in 
length, the total number of nodes has increased 
from about 12 to about 16. Subsequently, when the 
length of the axis of the developing runner has in- 
creased, to one centimeter (10,000 microns), the 
number of nodes will have increased to about 24; 
and in five centimeters to about 30 nodes. When the 
length of the runner axis has reached ten centi- 
meters, only about four more nodes will have been 
added, making a total of about 34 nodes on such a 
runner. In general, as runners continue growth at 
a moderate rate, the length of the fully matured 
internode is about 1 centimeter. 

In the case of the 12. 5 -centime ter runner previ- 
ously discussed, the bud from which it developed 
was treated twice with one per cent colchicine solu- 
tion, the second treatment two days after the first. 
At the time of these treatments the bud contained 
about twelve nodes. Mitotic activity in the bud 
which would be affected by the colchicine treat- 
ments would be located (1) in the one, two, or tVree 
centrally located cells of the apical dome; (2) in 
the off-center cells of the apical dome; and (3) in 
partially differentiated tissues behind the apical 
dome. If the centrally located cells in the apical 
dome of the treated bud had been polyploidized, the 
polyploidy in the tissues derived from the centrally 
located cells would have been of the apical type. If 
the off-center cells in the apical dome and the cells 
in the partially differentiated tissues had been im- 
mediately polyploidized at the time of the colchicine 
treatments, and the action of the colchicine had not 
extended beyond the time of treatment, the result- 
ing axial polyploidy would have been confined to 
the first twelve nodes, or possibly to four or five 
nodes above the twelfth node, assuming that the 
additional four or five nodes were derived from off- 
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center cells in the dome (p. 390), where each of 
these cells is considered potentially equivalent to 
one node. Therefore the axial polyploidy would 
have been found through the first node at the base 
of the growing runner to the seventeenth node, in- 
clusive. However, when the tip of the 12. 5-centi- 
meter runner was sectioned to a distance of 1 milli- 
meter behind the apical dome, axial polyploidy was 
found to extend fully 16 nodes above the eighteenth 
node; whereas axial polyploidy should have ex- 
tended to the eighteenth node and not beyond it. 
The presence of axial polyploidy in the upper re- 
gion of the 12.5-centimeter runner may be explained 
on the supposition that the colchicine solution had 
penetrated into the basal portion of the treated 
bud, but had not reached the dome area; mean- 
while, as the bud was expanding and new growth 
was being laid down by the apical central cells, the 
colchicine solution continued to penetrate the new 
growth. 

It may be concluded that in cranberry-— and, for 
that matter, in any other plant — polyploidy of 
apical origin will have to be looked for in the part 
of the branch directly derived from the central cells 
of the apical dome following colchicine treatments. 
In cranberry, if treatment is applied to a bud at 
the 12-leaf stage, apical polyploidy may be visual- 
ly recognized after a branch growing from the 
treated bud has expanded beyond 30 or more centi- 
meters, or when such branches have borne some 30 
or more fully matured leaves. In cases where poly- 
ploidy is of sectorial nature and is derived from 
either the first or the second histogenic layer, its 
presence may be recognized by the pattern of poly- 
ploidy on or in the leaves appearing at the upper 
portion of the branch at certain intervals based on 
the 5/13 phyllotaxy in cranberry (Dermen and 
Bain, 1944; Bain and Dermen, 1944); hence the 
necessity of growing a branch of the length and 
with the number of leaves above indicated. The 
presence of sectorial polyploidy in the third layer 
may be more difficult to recognize. This type of 
chimera w r ould affect the internal tissues of the 
cranberry stem alone, with which condition we have 
not had enough experience. When polyploidy is 
entire and not sectorial, its presence may be recog- 
nized in a branch that is shorter and has matured 
fewer leaves than above indicated. 

In woody plants, when a lateral or terminal bud 
grows into a shoot during a growing season, this 
growth generally consists of an expansion of parts 
already present in embryonic form in a dormant 
bud. When colchicine treatment of a bud of such a 
woody plant results in polyploidy, the polyploidy 
in that portion of the branch derived from tissues 
already present in the treated bud would be of the 
axial type, whereas apical polyploidy would be 
found either in the new terminal bud or in the new 
lateral buds, or in both types of buds. These buds 
must grow into new shoots, therefore, before the 
presence of apical polyploidy can be detected. Un- 
less the growth from these buds is forced in some 


Fig. 7-8. — Fig. 7. Longisectional view of the apical 
dome in a bud treated with colchicine showing the pat- 
tern of colchicine-affected cells. X 400. — Fig. 8. Transec- 
tional view of the apical dome at the level of I - III shows 
numerous colchicine-affected cells. X 400. 


way, apical polyploidy may not be observed for 
one to three years. 

SUMMARY 

When cranberry plants are treated with colchi- 
cine to induce polyploidy, the results are mostly 
chimeric polyploids of sectorial and perielinal type. 
The present article reports a cytohistologieal study 
of the mechanism underlying the development of 
such polyploid sectorial and perielinal chimeras. In 
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the apical domes of runner-branch tips and of axil- 
lary buds there are three primary histogenic layers. 
Although the cells of these layers are alike, the 
layers appear to be histogenetieally independent, 
each usually giving rise to a specific tissue or tis- 
sues. The apparent histogenetic independence of 
the layers seems to be determined by the direction 
of cell division, particularly in the cells at the sum- 
mit of the apical dome. The cells of the dome in the 
two outermost layers, L-I and L-II, divide anti- 
clinally, hence their uniseriate appearance, where- 
as those of layer III divide both anticlinally and 
periclinally. Thus, because of the way in which 
they divide, these layers seem to remain distinct 
and independent. Whether the anticlinal mode of 
division, particularly in the cells at the summit of 
the apical dome, sometimes changes into periclinal 
in either L-I or L-II is being investigated further. 

One, two, or usually a maximum of three cells 
seem to maintain a central position in each histo- 
genic layer at the summit of the dome, and to per- 
form the function of carrying out histogenetic con- 
tinuity of each layer. One or more of these cen- 
trally located cells in any of the three layers may 
become polvploidized by colchicine treatment, the 
other cells remaining normal. When not all of the 
central cells in a given layer have been polyploid- 
ized, the tissues produced from this layer show 
sectorial polyploidy, which may be independent in 
each layer. Because not more than three cells gen- 
erally seem to hold a central position at the apical 
dome, continuous polyploid sectors might be ex- 
pected to occupy either approximately one-third, 
one-half, or two-thirds of the circumference or 
mass of a stem tissue derived from a particular 
histogenic layer. Polyploidy may affect in toto one 
or two of the three histogenic layers, the remaining 
layers being normal. Such a concentric develop- 
ment results in periclinal polyploidy. 

Polyploidy resulting from colchicine treatment 


may be classified into two types: apical and axial. 
The former results from colchicine effect in central 
cells of any of the histogenic layers at the apical 
dome; the latter denotes polyploidy in other than 
central cells. Apical polyploidy results in continu- 
ous polyploidy in that portion of the growing stem 
resulting from those central apical cells that were 
polyploidized. Axial polyploidy is of localized na- 
ture and delimited in its extent. It changes to apical 
polyploidy only when buds arise in such localized 
polyploid tissue. 

Some cytohistological and cytomorphological data 
for cranberry are presented in respect to the apical 
dome ; the points of origin of leaf primoridia; the 
number of leaf scales and leaf primordia in axil- 
lary buds; the number of leaf primordia, young 
leaves, and mature leaves at certain distances from 
the center of the apical dome of runner branches ; 
and phyllotactic arrangement of leaves. These data 
are used to determine the location of axial and 
apical polyploidy in branches following bud and 
stem-tip treatments. In cranberry it seems that a 
branch arising from a treated axillary bud or stem 
tip should reach some 30 centimeters or more be- 
fore sectorial polyploidy derived from apical poly- 
ploidy may be recognized. Complete polyploidy in 
one, two, or three primary histogenic layers may be 
recognized in shorter branches than in the case of 
sectorials. 

It is suggested that in woody plants, if the treat- 
ment of a bud results in polyploidy, axial poly- 
ploidy will be found in the shoot of the first year's 
growth, whereas apical polyploidy will be found 
in the growth of the second or third year unless the 
treated bud is forced during the first year to make 
the equivalent of two or more years of growth. 

Plant Industry Station, 

Agricultural Research Administration, 

U. S. Dept, of Agriculture, 

Beltsville, Maryland 
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INTERSPECIFIC HYBRIDIZATION IN PARTHENIUM I. CROSSES BETWEEN 
GUAYULE (P. ARGENTATUM) AND MARIOLA (P. INCANUM) 1 

Reed C. Rollins - 


Interest in guayule as a domestic source of 
natural rubber lias given impetus to a wide range 
of investigations designed to reveal as much infor- 
mation concerning the species itself from as many 
directions of approach as possible. In looking 
toward the ultimate development of guayule into 
a crop plant of importance in the agricultural econ- 
omy of North America, it seemed desirable to start 
early to provide the plant breeder with the widest 
possible assortment of genetic materials from which 
highly improved guayule varieties might be created. 
This called for the exploration of other species of 
Parthenium for desirable characteristics and the 
introduction of these characteristics into the genetic 
make-up of guayule through hybridization. Natural 
hybrids between guayule and mariola were observed 
among a large population of plants introduced from 
wild sources and grown in 1943 (Rollins, 1944a). 
The next logical step was to produce interspecific 
hybrids between guayule and mariola under con- 
trolled conditions. In doing this, one of the most 
complex situations with respect to interspecific hy- 
bridity between two species of plants known any- 
where in the plant kingdom became evident. This 
complexity is due to several sets of uncommon con- 
ditions affecting the nature of the offspring from 
crosses between these two species. 

In the first place, apomixis is perhaps the pre- 
dominant type of reproduction, but sexuality is 
also common in both species. In fact a range from 
complete sexuality to very nearly complete apomixis 
has been found in each species (Powers and Rol- 
lins, 1945). Where sexuality does occur, it is not 
always of the usual type. Often unreduced egg cells 
are fertilized resulting in offspring which are tri- 
ploid with respect to their immediate parents (Steh- 
bins and Kodani, 1944). With these marked devia- 
tions from the usual type of sexual reproduction 
present in guayule and mariola an unusual situa- 
tion involving hvbridity between plant species is 
found. Instead of obtaining an progeny of in- 
dividuals of a single general type from a given cross 
and its reciprocal, an appropriate cross together 
with its reciprocal may yield five distinct types of 
plants. These include: (1) Fi maternal guayule, 

(2) hybrids produced from a nonreduced egg 
in the guayule mother plant, (3) hybrids pro- 
duced after reduction in both parents, (4) F t hy- 
brids produced from a nonreduced egg in the mari- 
ola mother plant, (5) F.j maternal mariola. If we 
now add to the complexity of a series of interspe- 
cific progenies by including the differences due to 

1 Received for publication March 19, 1945. 

3 This work was completed while the autho r was on the 
staff of the Special Guayule Eesearch Project, Bureau 
of Plant Industry, Soils and Agricultural Engineering, 
Agricultural Research Administration, U. S, Department 
of Agriculture,'. 
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polyploidy in both guayule and mariola, the situa- 
tion becomes highly complicated indeed (Rollins, 
1944b, 1944c). Our investigations, though not com- 
plete, have progressed far enough to clarify many 
points heretofore obscure. One of the purposes of 
the present paper is to elucidate some of the facts 
pertinent to the picture of hybridity between gua- 
yule and mariola. 

That the various effects upon the hybrids ob- 
tained through the interaction and impingement of 
the differences in the reproductive cycle referred 
to above occur in nature as well as under controlled 
conditions is shown by the fact that a number of 
wild plant types have been duplicated. Through 
apomixis, many first generation types, having arisen 
originally from crosses between guayule and mari- 
ola under natural conditions, have been preserved. 
Thus a direct comparison between the hybrids from 
wild sources and those created in the laboratory is 
a valid procedure. 

Also, it is of high interest that comparisons may 
be made directly between wild material and the 
commercial strains which have been selected for 
improvement, especially in rubber content, for a 
number of years. None of the selected strains of 
guayule show marked individual morphological or 
growth characteristics that cannot be easily matched 
by material from wild sources. 

Materials and methods. — The plants used in 
this study were grown from seeds obtained from 
both wild and domestic sources. Seeds of strains 
593 and 416 were obtained from the Forest Service 
of the U. S. Department of Agriculture. Other 
plants of guayule were grown from seeds collected 
in Mexico by Powers or in Texas by Powers and 
Federer. The mariola came from seeds collected in 
Mexico, Texas and New Mexico. 

Guayule was used as a female in eighteen at- 
tempted crosses. In twelve of these mariola was 
used as the pollen parent. Natural hybrids were 
used as the pollen parent in the other six. Twenty 
crosses were attempted in which mariola was used 
as the female parent. In every instance guayule 
was used as the source of pollen. Reciprocal crosses 
involving exactly the same plants as parents were 
not attempted because the small size of the plants 
did not provide enough flowers. However, crosses 
in both directions using the same collections of 
guayule and mariola were often made. One cross 
was tried in which a natural hybrid was pollinated 
by guayule. The number of classifiable plants and 
the percentages of hybrids and maternal offspring 
of most of these crosses have been presented in 
table 4 of a previous paper (Powers and Rollins, 
1945). 

Emasculation was accomplished in each inflores- 
cence by removing the young disc florets well in 
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advance of an thesis. Treated inflorescences were 
kept isolated by covering them with small percale 
bags. In each instance whole flowering stalks, in- 
cluding a number of heads, were bagged before the 
ray florets were fully expanded. The effectiveness 
of this method of isolation has previously been 
shown--.-.' (Powers and Rollins, 1945). Pollinations 
were made by inverting a dehiscing disc floret over 
the stigma of the chosen ray floret and bringing the 
anthers into contact with the stigma. Thus an am- 
ple pollen supply was assuredly placed upon the 
stigma of the pollinated floret. 

The seeds were germinated between wet blotters 
in a germinator and transplanted individually into 
two and one-half inch pots. A mixture of pasteur- 
ized sand and soil was used as a culture medium. 
When the plants were of suitable size, they were 
transplanted to held experiments or into larger 
containers. 

Chromosome counts were made either from aceto- 
orcein smears of pollen mother cells or from root- 
tip smears. The meiotie material was fixed in a 
solution composed of seven parts absolute alcohol 
to one part glacial acetic acid. Root-tip prepara- 
tions were made following the method of Dr. James 
R. Meyer (unpublished). Due to the difficulties 
frequently encountered in working with the meiotie 
material in some of the plants studied, particularly 
of the higher chromosome groups, a slight variation 
in chromosome number was often observed in the 
pollen mother cells of a given individual. Also, 
aneuploidy is so common in many of the higher 
chromosome groups, that the chromosome number 
of a given collection or group of hybrids varies 
around the expected number. Often one to several 
fragments or very small chromosomes have been 
seen. However, since the number of these frag- 
mentary type chromosomes present was difficult to 
determine and their presence or absence seemed to 
be unrelated to the general results obtained in the 
crosses, they have not been included in the chro- 
mosome counts given. For these reasons the 2 n chro- 
mosome number is often given preceded by ± to 
indicate that deviations of one or two chromosomes 
in either direction were either observed or were ex- 
pected to occur in the plants studied. 

Experimental results. — Results from crosses 
in which guayule was used as the female parent 
fall conveniently into two categories which are cor- 
related with the chromosome number of the female. 
One series of crosses gave offspring composed 
partly of hybrids and partly of maternal types, 3 
In these cases, the maternal guayule parent pos- 
sessed 2n = 72-74 chromosomes. In the other 
crosses on guayule, the progenies were all hybrids. 

3 In general the maternal type plants were strictly like 
the mother plant, but there were a small number which 
showed that a limited amount of segregation had oc- 
curred. However, they showed no characteristics of the 
paternal mariola parent. It has been proposed that plants 
of this kind arose by pseudogamous diplospory (Powers 
and Rollins, 1945,* Powers, 1945). Certainly they are not 
hybrids in the material under consideration. 


The female parents in the latter crosses had 2n =r 
-j— 86 chromosomes. 

Guayule with 72—74- chromosomes as a female 
parent — Among a total of 891 plants obtained 
from sixteen different crosses, 126 were found to 
be hybrids, the rest were maternal. As has been 
previously shown (Powers and Rollins, 1945) the 
maternal plants arose apomictically. The number 
of hybrids derived from given crosses ranged from 
4,2 per cent up to 38.5 per cent of the total progeny. 
In most of the progenies, two kinds of hybrids were 
obtained in addition to the maternal types. One 
type was pbenotypically intermediate between its 
parents, if the chromosome number of the parents 
was the same or nearly the same (see the third 
plant from the left, fig. 1) ; the other more nearly 
resembled the maternal parent and in most in- 
stances showed aberrant growth in addition (see 
the second plant from the left, fig. 1). The two 
leaves at the lower left in figure 5 are from a nor- 
mal hybrid; the three leaves at the lower right of 
the same figure are from an aberrant hybrid of the 
same cross. These two hybrid types are called 
normal hybrids and aberrant hybrids throughout 
the present paper. 

The terms normal and aberrant refer to the 
phenotypical appearance of the hybrids so classi- 
fied, but the classification in reality reflects the 
chromosome situation in the egg cells prior to fer- 
tilization. It was found that the normal hybrids 
combined the reduced chromosome numbers of both 
parents. The aberrant hybrids in representative 
examples showed the full 2n chromosome comple- 
ment of the female parent plus a reduced or In 
chromosome complement from the male parent. 

When the male parent possessed an unbalanced 
chromosome complement such as 2n ■= ±54 or 
±63, there was variability in the number of chro- 
mosomes introduced into the hybrid from the pol- 
len. This was shown in the cross ± 72-cliromosome 
guayule 42265-11 9 X 4230-IX $ mariola (±54 
chromosomes). Eighteen of the twenty hybrids ob- 
tained were aberrant, having arisen from the fer- 
tilization of an unreduced egg. A range of 100-104 
chromosomes (±72 from guayule and ±28-32 
from mariola) was found among six plants of this 
group examined cytologically. This is 1-5 chromo- 
somes higher than the expected number if only 
pairing and separation bad occurred in the chromo- 
somes of the male parent. The two normal hybrids 
possessed ±65 and ±66 chromosomes. Several 
similar crosses involving plants from different 
sources were less productive of hybrids. Two crosses 
where ± 63-chromosome mariola plants were used 
as pollen parents gave hybrid progenies which also 
showed a variation of 2-5 chromosomes between 
different plants. These results are explainable on 
the basis of an assumption that several univalent 
chromosomes are present in the pollen parent and 
do not move in equal numbers to each pole of the 
spindle during meiosis. Various numbers of uni- 



Fig. 1-4. All plants in these figures are the same age and are growing in pots which measure 4 inches in diameter. 
— Fig. 1. Parental types and hybrids of a cross, ±72-chromosome guayule X ±72-chr. mariola. The plants are, left 
to right, (1) ±7$-chr. maternal F x guayule, strain 416, (2) ±108-chr. aberrant F t hybrid, (8) ±72-chr. normal F l 
hybrid, (4) ±72-chr. apomictic F* from the paternal mariola parent. — Fig. 2. Maternal types and hybrids from two 
crosses, mariola X guayule. The same mother plant was used in both crosses. The plants are, left to right, (1) ±72- 
chr* maternal Fx mariola from a ±72-chr. mariola X ±72-chr. guayule cross, (2) ±108-chr. Fj hybrid from same 
cross as (1), (3) ±90-chr. F x hybrid from a ±72-chr. mariola X +36-chr. guayule, (4) maternal F x , same as (1). — 
Fig. 3. Parental types and normal hybrid of a ±72-chr. guayule X ±72-chr. natural hybrid. The plants are, left to 
right, (1) ±72-chr. maternal F x guayule, strain 593, (2) ±72-chr. nonnal Fi hybrid, (3) ±72-chr. apomictic F x 
from the paternal natural hybrid. — Fig. 4. The plant at the left is the same ±108-chr. F x hybrid shown second from 
the left in figure 2. The plant at the right is an apomictic maternal Fj_ of seed collection 4260. See the text for fur- 
ther explanation. 


valents have been frequently observed in botli 
±54- and ± 63-chromosome plants of mariola. 

Crosses involving ± 72-chromosome guayule and 
± 72-chromosome mariola gave results comparable 
in many ways to those obtained when a dr 54-chro- 
mosome mariola was employed as the pollen parent, 
except that the hybrids in general showed greater 
vigor and a lower mortality rate. As would be ex- 
pected, the normal hybrids showed a greater influ- 
ence from the mariola parent when the latter pos- 
sessed the higher chromosome number. The aber- 
rant hybrids from crosses of this nature gave a 
range of chromosome numbers of 108-112. The 


normal hybrids possessed ±72 chromosomes. In 
their general morphology, the aberrant hybrids are 
very similar to the rough-aberrant type plants pre- 
viously described from a wild population of gua- 
yule plants (Rollins, 1944a). 

Pollen of the hybrids and maternal types was 
examined and measured to learn something about 
the fertility of the hybrids and the effect of chro- 
mosome number upon pollen size. The pollen deter- 
mination for each plant type was made by counting 
the grains which failed to stain with aniline blue 
occurring among a randon sample of one hundred 
grains of each plant. In these grains the cytoplasm 
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Fig. 5-10. Leaves of parental types and hybrids of a cr ;ss ± 72-chromosome guayule $ X ±54~ehromosome mari- 
ola <J.-— Fig. 5. Upper left, two leaves of mariola; upper right, two leaves of guayule, strain 416; lower left, two 
leaves of a ±63-chr, normal F x hybrid; lower right, threj leaves of a ±99-chr. aberrant F x hybrid. — Fig. 6. Leaves 
of parental types and hybrids of a cross ±54-chr. mariola 2 X ±72-chr. guayule <£. Upper left, 1 two leaves of gua- 
yule, strain 593; upper right, two leaves of mariola; lower left, two leaves of ±63-chr. normal F x hybrid; lower 
right, three leaves of a ±90-chr. aberrant F x hybrid. — Fig 7. Comparison of leaves of a natural hybrid and a normal 
artificial hybrid. Upper left, leaf of mariola; upper righ’:, leaf of guayule; lower left, two leaves of a normal F x 
hybrid; lower right, two leaves of a natural hybrid. — Fig, 8. Comparison of leaves of a wild mariola relative and an 
artificial hybrid. Upper and lower left, leaves of true mariola; upper right, two leaves of an F x hybrid in which 
mariola chromosomes predominate in number 2 to I; lower right, two leaves of a wild plant from collection 4260.— 
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had deteriorated. The results are presented in table 
1. The staining test has been used frequently to 
determine the amount of “good” or “bad” pollen, 
but it must be recognized that all of the so-called 
‘good” pollen may not actually function as such. 
The data from the Fi maternal plants given in 
table 1 served as a standard of comparison, since 
amphimixis was not involved in the production of 
these plants. Among the hybrids, there was con- 
siderable variation in the per cent of degenerate 
pollen between the different individual plants sam- 
pled both within progenies and between progenies. 
The average per cent given should be interpreted 
only as a general statement of the situation found 
in the groups indicated. In the normal hybrids 
examined, the amount of degenerate pollen is higher 
than in the maternal type plants. The amount of 
degenerate pollen is even greater in the aberrant 
hybrids. However, both kinds of hybrids have rela- 


49.2 per cent germination obtained at the same 
time from two plants of guayule (strain 593). The 
latter percentage is high for guayule. Germinations 
of 40 per cent or considerably less of the seeds 
of field plantings of guayule is considered to be 
usual for the species under ordinary conditions of 
seed treatment (Benedict, unpublished). As might 
be expected, the percentage of viable seeds obtained 
from the hybrids is considerably lower than for 
guayule. However,. the usefulness of the hybrids in 
the breeding work is not impaired on this account. 
Six crosses were made in which natural inter- 
specific hybrids were used as the pollen parent. 
Both aberrant and normal hybrids were produced 
in five of the six crosses. The three hybrid plants 
in a total progeny of thirty-seven plants of the 
sixth cross were all aberrant. In all these cases, the 
aberrant hybrids resembled more closely the gua- 
yule phenotype, than did aberrant hybrids from the 


Table. 1. A comparison of pollen fertility and size in different types of plants from the progenies of interspecific 
crosses where 72—74 chromosome guayule plants were used as female parents. 


Pollen grains Degenerate 

Plants examined pollen Size of normal P olIen grains in microns 

Type of plant sampled and measured grains 16.65 19.98 23.31 06.64 29.97 


Number Number Percent Percent 

Fj_ maternal 38 3800 12.2 ... 31.5 6*8.5 

Fj hybrid, normal 47 4700 19.0 4.3 78.7 17.0 

F x hybrid, aberrant... 52 5200 23.8 ... ... 44.2 48.1 7,7 


tively “good” pollen compared to interspecific hy- 
brids in many genera where a large amount of in- 
compatibility exists between the parent species. 
The decrease in size of the pollen in the normal Fx 
hybrids from that shown for the Fi maternals, re- 
flects the smaller size of mariola pollen. The in- 
crease in size of pollen in the aberrant F x hybrids 
is correlated with the high chromosome number 
present in these plants. Bergner (1944), Powers 
(1945) and Powers and Gardner (1945) have given 
data on the effect of polyploidy on pollen size in 
guayule. 

Although it was known that many of the natural 
hybrids produced viable seeds, it seemed desirable 
to run a small test upon the viability of the seeds 
from artificial crosses. Open-pollinated seeds of 
four normal hybrids and four aberrant hybrids were 
germinated. Several hundred seeds were used in 
each case and all seeds including unfilled ones were 
counted. The seeds from the normal hybrids gave 
28,5 per cent germination while the germination 
obtained from the aberrant hybrids was 13.1 per 
cent. These percentages may be compared with 


primary species crosses. The normal hybrids were 
intermediate between guayule and the male parent 
in each case and some of these were remarkably 
similar to the “intermediate type” which came from 
wild sources. This type of cross is illustrated in 
figure 3 which shows a ± 72-chromosome guayule 
plant at the left, the daughter of a ±72-chromo- 
some natural hybrid at the right and a normal Fi 
hybrid with ±72 chromosomes in the center; all 
plants are the same age. The guayule plant shown 
is a maternal F 2 . The natural hybrid is an apomict 
of the paternal parent used in the cross and is one 
of a progeny obtained by selfing. 

Guayule with -{-86 chromosomes as a female 
parent . — Three crosses of this type were made and 
a total of one hundred and eleven plants of classi- 
fiable age were raised from them. All were hybrids. 
Chromosome counts of a number of hybrid plants 
from these crosses indicated that reduction pre- 
ceded fertilization in each case. The Fj populations 
showed considerable variation which appeared to 
be continuous between the extreme types, Regard- 


less of the pollen parent (mariola plants with ±54, 

Fig. 9. Comparison of leaves of the “intermediate” wild type with those of an artificial hybrid. At the left, two leaves 
from a “good” guayule plant; in the middle, two leaves of a 72-chr. normal F x hybrid derived from a cross ±72-chr. 
guayule $ X ±72~chr. natural hybrid at the right, two leaves of a wild “intermediate” type.— Fig. 10. Compari- 
son of leaves of a wild rough-aberrant type with those of an artificial hybrid. At the left, a leaf of ‘'good' guayule; 
in the middle, two leaves of ±100-chr. wild rough-aberrant plant; at the right, two leaves of a ±101-ehr. aberrant T x 
hybrid derived from a ±72-chr. guayule $ X ±54-chr. mariola in which nonreduction occurred preceding female 
gametophyte formation. 
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±63, and. ±72 chromosomes were used) the hy- 
brids of this group of crosses consistently produced 
a high percentage of degenerate pollen when com- 
pared to the other hybrids. A pollen sample of one 
hundred grains was classified from each of ninety- 
two hybrid plants. Of the 9,200 pollen grains ex- 
amined, 57.1 per cent were degenerate. This per- 
centage may be compared with those given in table 
1. A high percentage of “bad” pollen is known to 
be frequently associated with a large amount of 
irregularity during the meiotic process preceding 
pollen formation. No tabular data were taken con- 
cerning this point but the lagging of chromosomes 
and the failure of chromosome pairing was observed 
in many meiotic division figures in these particular 
hybrid plants. 

Mariola as a female parent . — Eighteen of the 
twenty attempted crosses using mariola as a female 
parent gave a large enough progeny to be studied. 
Part of the detailed data giving information con- 
cerning the amount of sexuality and apomixis in 
the plants of mariola studied have been presented 
elsewhere (Powers and Rollins, 1945). Some plants 
were found to be completely sexual giving all hy- 
brids when crossed with guayule. Others were com- 
pletely apomictic with only maternal plants making 
up their immediate progenies. However, the ma- 
jority of mariola plants studied reproduced largely 
by apomixis wdiile giving a smaller proportion of 
hybrid offspring. From a total of 567 plants raised 
from crosses of this type, 142 were hybrids. In 
nearly every cross both normal hybrids and aber- 
rant hybrids were produced. In figure 6 leaves of 
hybrids from a cross mariola $ X guayule $ are 
shown. Two leaves of the mariola are at the upper 


right and two leaves of the guayule parent are at 
the upper left. Two leaves of the normal F* hy- 
brid of this cross are shown at the lower left, while 
three leaves of the aberrant Fi hybrid are at the 
lower right. Some normal hybrids from all of the 
crosses where they were obtained were examined 
for chromosome number. Most of them were found 
to have received the reduced chromosome number 
from both parents. Exceptions to this were found 
in two crosses where +36-chromosome guayule 
plants were used as sources of pollen. Apparently 
the addition of + 18 guayule chromosomes to the 
unreduced complement of 72 in mariola giving 
2n = ±90 in the offspring did not have an adverse 
effect. The leaves and general growth characteris- 
tics of these plants appeared to be perfectly nor- 
mal. A hybrid plant of this type is shown second 
from the right, figure 2. However, a ± 90-chromo- 
some hybrid possessing ±54 mariola chromosomes 
and ±36 guayule chromosomes was invariably aber- 
rant. , , 

An examination of the chromosomes of a num- 
ber of representative aberrant hybrids indicated 
that an unreduced chromosome complement had 
been contributed by the female parent and a re- 
winced number by the male parent. For example, 


an aberrant hybrid from a ± 72-chromosome mari- 
ola pollinated by a ± 72-chromosome guayule pos- 
sessed ±108 chromosomes. Figure 11 gives the 
situation in the crosses made. As might be expected 
the aberrant hybrids were morphologically much 
closer to the maternal parent in each cross than 
were the normal hybrids from the same cross. It is 
interesting to compare the relatively greater effect 
of ±36 guayule chromosomes in the ± 108-chro- 
mosome hybrid (±72 mariola plus ±36 guayule) 
shown second from the left in figure 2 with the 
lesser effect of +18 guayule chromosomes in the 
± 90-chromosome hybrid (±72 mariola plus +18 
guayule) shown second from the right. Strictly 
maternal mariola plants are shown on the extreme 
left and right of the figure. 

Reciprocal introgression between the spe- 
cies. — The levels of interspecific crosses between 
the most representative chromosome groups of each 
species are summarized in figure 11. This is a 
simplification of the actual situation in both spe- 
cies and the potential crosses between them since 
many off chromosome numbers are known to occur. 
For example, one plant of mariola was found to 
possess ±110 chromosomes, another over 120 and 
reports of ±81, ±90, 137, 142 and 144 chromo- 
somes for guayule have been made (Powers, 1945). 
But so far as is now known, these chromosome 
numbers are not characteristic of any large natural 
or cultivated population and for this reason are 
not included in the chart. 

In figure 11, the solid lines show the crosses 
which have been made under controlled conditions. 
The numbers near the center of these lines show 
the chromosome number group into which the hy- 
brid offspring falls if normal meiotic reduction has 
occurred in both parents. These plants are normal 
hybrids. The numbers near the ends of these lines 
indicate the chromosome group of the hybrid off- 
spring if nonreduction occurred when the parent 
nearest the position of the number was used as the 
female parent. Hybrids of this type are usually 
aberrant. Nonreduction in the female with subse- 
quent fertilization is frequent above the 2n = +36 
chromosome level in both species. The numbers 
given are those around which the actual chromo- 
some number varies in the interspecific hybrids 
with the exception of those included within paren- 
theses. The latter are not known to occur in any 
plant. The broken lines in figure 1 1 indicate prob- 
able crosses which have occurred under natural 
conditions. Evidence for these has been assembled 
from the chromosome numbers and the morphology 
of natural hybrids. Part of these data have been 
published (Rollins, 1944a). The short broken lines 
radiating from the primary chromosome groups of 
each species indicate potential crosses which would 
be expected to occur under appropriate conditions. 
It should be remembered that in a cross where the 
female parent is largely apomictic, the Fj progeny 
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will be largely maternal 4 which includes,, of course, 
the chromosome number of the mother plant. 

The various combinations of chromosome num- 
bers obtainable in crosses between these species 
allow for different amounts of introgression of one 
species into the other as a result of initial crosses 
between them. This is significant because results 
may be obtained in the F x generation from a single 
cross between guayule and mariola which would 
require several crosses and several generations of 
plants in ordinary diploid, sexual species. The 
situation with respect to the nature of the inheri- 
tance of apomixis in guayule and mariola has not 
been worked out, although Powers (1945) has pos- 
tulated a sequence of steps by which apomixis may 
have become the predominant type of reproduction 
among plants of the higher chromosome groups. 
However, apomixis being present at the higher 
chromosome levels in both species allows for the 
perpetuation of the characteristics present in the 
Fi hybrids. In all of the plants of guayule of the 
higher chromosome groups, none has proved to be 
completely apomictic. While this feature is a men- 
ace to the stability of a given strain or variety, it 
does allow for limited crossing and consequently 
the introduction of a diversity of genes. Figure 11 
was designed to give some indication of the com- 
plexity of results which can be obtained by pri- 
mary interspecific crosses between guayule and 
mariola. That back crosses of various sorts are suc- 
cessful has been shown. Furthermore, it is evident 
from a study of wild populations that plants of 
ultimate hybrid origin, but which are the result of 
a backcross or series of backcrosses, occur in na- 
ture. In fact, a series of plant types could be se- 
lected which would lead from one species by grad- 
ual steps to the other. In spite of this, guayule and 
mariola are good plant species by any sensible set 
of criteria one wishes to apply. 5 Some of the salient 
points of distinction between the two species have 
been given previously (Rollins, 1944a). These 
points dealt primarily with the morphological dif- 
ferences. It is pertinent to point out that although 
the two species occur together over much of the 
range of guayule, mariola has a much wider natural 
range in both Mexico and southwestern United 
States. Where the latter occurs alone, at least in 
the places sampled, it is the pure species. Further- 
more, even where guayule and mariola occur in a 
mixed population in many areas, the two species 
remain relatively pure. The main exception to this 
is the case of the “intermediate” type which makes 

4 Differences between individual maternal plants of 
given progenies have been noted. This evidence as it bears 
on the nature of apomixis in guayule and mariola will be 
the subject of special consideration. 

5 Interspecific crosses involving Parthmmm aryenta- 
tum s: P, ', inmnum,. P. stramonium, P. tomentomm and P. 
hysterophorus have been made. A discussion of the inter- 
relationships of the species of Partkenmm and a com- 
parison of the reproductive phenomena in this genus with 
similar phenomena in other genera is reserved until fur- 
ther data, providing a broader basis for interpretations 
have been assembled. 


GUAYULE 


54 72 



72 


MARIOLA 

Fig. 11. Chromosome levels and extent of known cross- 
ing between guayule and mariola. The solid lines indi- 
cate crosses made in the laboratory. The broken lines indi- 
cate additional crosses for which there is evidence from 
wild hybrids. The bold numbers at top and bottom show 
the approximate chromosome number of the predominant 
guayule and mariola types now being grown for experi- 
mental purposes. The numbers along the lines are the 
approximate chromosome numbers of the hybrids from 
the crosses indicated. The numbers enclosed in paren- 
theses have not actually been found. See text for further 
explanation. 

up many large stands of shrub and obviously -is the 
product of hybridization between the two species. 
However, the main point to be emphasized here is 
that the two species do not become swamped, los- 
ing their identity in freely interbreeding hybrid 
swarms. This is certainly true in the Texas guayule 
areas and probably holds for a large proportion of 
the Mexican. The natural populations of guayule 
have not been thoroughly studied from this point 
of view, particularly in Mexico. It would be sur- 
prising if areas are not present in Mexico where 
intercrossing occurs freely between the species. 
Such an area should be looked for where the sexual 
phases of both species come together. 

Analogous plant types from natural popu- 
lations OF GUAYULE AND MARIOLA AND CERTAIN 
.DERIVATIVES OF CROSSES BETWEEN THESE SPECIES,— 

Several plants deviating from the usual guayule 
type and showing some mariola -like characteristics 
were previously described from a wild population 
of guayule (Rollins, 1944a). Three of these types 
have been recovered from crosses between guayule 
and mariola. A fourth type which is largely mart- 
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ok, but which shows certain modifications charac- 
teristic of guayule, has also been duplicated. An 
explanation as to how these types arose under 
natural conditions can now be given. 

The “intermediate” type . — The “intermediate” 
type which was named Parthenium Lloydii by Bart- 
lett, is found extensively in Texas and Mexico and 
many pure stands may be seen (Powers, unpub- 
lished notes). There are moderate differences be- 
tween plants of this type from the northern and 
southern portions of the guayule region in Texas 
and some of the “intermediates” from Mexico differ 
even more, but taken as a group they have a com- 
mon stamp and seem not to differ more from each 
other than do plants of the usual type guayule from 
widely different sources. In studying the “interme- 


termediate” type previously published (table 2; 
Rollins, 1944a). 

It is quite certain that the “intermediate” type 
originates by a simple backcross to guayule of nor- 
mal F x hybrids of guayule X mariola or the re- 
ciprocal, where complications of nonreduction, wide 
differences in chromosome numbers, etc., are not 
factors. The “intermediate” progeny thus obtained 
reproduces largely by apomixis and therefore does 
not break up by segregation as would an ordinary 
hybrid population. The nature of the origin of the 
“intermediate” type thus depicted fulfills the re- 
quirements that the process must be one which 
could occur fairly often at different locations and 
produce approximately, but not exactly, the same 
results each time. The differences found in the 


Table .2, A comparison of mode of attachment and length of trichomes of different types of plants 
from the progenies of interspecific crosses where 78-74 chromosome guayule plants were 
used as female parents. 


11 Type of plant 

Plants 

sampled 

Mode of attach- 
ment of cap cells 

Trichomes 

measured 

Mean length 
of cap cells 

1 . . ■■■ : 

Number 


Number 

Microns 

Fj maternal 

....... 25 

median to slightly 



‘fix _ ^ ... . * . ’ * ' 4 ; ... x . o ! '• * , 


acentric 

2500 

288.11 ± 5.07 

Fj hvbrid, normal 

12 

near-end 

a 


Fj hvbrid 1 ’, normal 

16 

markedly acentric 



1 1 


to near-end 

1600 

340.85 ± 8.89 

F t hybrid, aberrant 

....... 22 

markedly acentric 



I; . v . . . — 


to near-end 

2200 

396.81 ± 7.59 




a The trichomes were too crooked to be measured accurately. 
b Representatives from three progenies in which the pollen parent was a natural inter- 
specific hybrid are included here. 


diate” type, it appeared that this was not a single 
phylogenetic plant type having arisen at one place 
and spread widely from there. Rather, it seemed 
evident that the “intermediate” type had arisen 
independently at different times at different loca- 
tions from genetically different progenitors. This 
conception of the nature of the “intermediate” type 
is supported by the evidence indicating how this 
type arises by hybridization between guayule and 
mariola. Plants resembling the “intermediate” type 
very closely in all morphological respects were de- 
rived from crosses of guayule X natural interspe- 
cific hybrids. Such a cross is represented in figure 
3. The similarity of this type of hybrid to the 
“intermediate” type is shown in figure 9. The two 
leaves at the rigid are from an “intermediate” type 
plant; the two leaves in the middle are from the 
normal Fj hybrid of a cross, ± 72-chromosome 
guayule X »b.72 chromosome natural hybrid. Note 
particularly the teeth ori the petiole, the leaf-shape 
and the lobing. For general comparative purposes, 
two leaves from a usual type guayule plant are 
shown at the left. As shown in table 2, the trichomes 
of sixteen hybrids from three progenies of back- 
crosses to guayule were studied. The average length 
of the trichome cap-cell of 340.85 p compares very 
favorably with the average of 344.89 p for the “in- 


various populations of the “intermediate” type are 
due to the fact that different biotypes of guayule 
and mariola were involved in the original crosses. 

The “intermediate” type has been relatively far 
more successful in nature than any other known 
type which traces its ultimate origin to hybridity 
between guayule and mariola. This must mean that 
whatever factors operating to the detriment of the 
other types in competition with the usual guayule 
type and other plants have been largely eliminated 
in the “intermediates.” 

The rough-aberrant type . — Plants of this type 
were numerous in the natural population previously 
studied (Rollins, 1944a). An exact count of the 
number present was not made. However, it is cer- 
tain that they far outnumbered the plants enume- 
rated as natural hybrids. Although the rough-aber- 
rant type was previously thought to be of hybrid 
origin, the nature of the process by which it arose 
could scarcely have been made the subject of specu- 
lation. This was particularly true since neither 
apomixis nor nonreduction followed by fertilization 
was suspected in guayule at that time. Now, it is 
clear that the rough-aberrant type arises whenever 
an unreduced egg of a db 72-chromosome plant of 
guayule is fertilized by a mariola pollen grain. The 
plant second from the left in figure 1 is in reality 
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a rough-aberrant one although it was artificially 
produced. In the middle of figure 10, two leaves of 
a rough-aberrant plant from wild sources are 
shown. This plant has ±100 chromosomes. At the 
right in figure 10 are two leaves of an aberrant 
hybrid derived from a guayule X mariola cross. 
This particular Fy has ±101 chromosomes; ±72 
came from the mother guayule parent and ±29 
from the ±5 4-chromosome paternal mariola par- 
ent. Further evidence that the rough-aberrant type 
guayule is in reality an aberrant ¥ 1 hybrid from a 
guayule X mariola cross may be seen by compar- 
ing trichome lengths. In table 2 where the measure- 
ments of trichomes from twenty-two aberrant F* 
hybrids are given, an average length of 396.81 y 
for the cap cell is shown. This figure compares 
favorably with the average of 412.96 y previously, 
published (table 2; Rollins, 1944a) for a group of 
twenty plants of the rough-aberrant (rough) type. 

It would be a mistake to assert that the rough- 
aberrant type represented a homogeneous group of 
plants. There are marked differences between plants 
of this type and the distinctive features of each are 
due to the differences in the hereditary nature of 
the parents involved. However, as in the “interme- 
diate" type plants, the rough-aberrant type shows 
an array of characters which are common to all. 

No native stands of the rough-aberrant type are 
known. Nevertheless, tests on several rough-aber- 
rant plants have shown that these plants set viable 
seed and reproduce largely by apomixis. A small 
progeny from each of five different aberrant 
hybrids has been grown to classifiable age. In all 
cases the progenies were largely maternal, showing 
that these plants also reproduced mostly by apo- 
mixis. These tests would seem to indicate that 
rough-aberrant plants ought to be found in the 
wild at least occasionally, although it is doubtful 
whether this type of plant could compete success- 
fully on a large scale. Certainly the vigor of these 
plants is greatly impaired by the effects of the 
high number of chromosomes present in them (see 
Stebbins and Kodani, 1944; Powers, 1945). 

The normal hybrid . — The normal hybrid made 
up less than one-tenth of one per cent of a 205,000- 
plant population of guayule whose seeds came from 
wild sources. Crosses between guayule and mariola 
have shown that this type of plant arises when 
normal reduction and fertilization take place. A 
comparison may be made between two leaves of a 
wild normal hybrid at the lower right, figure 7, 
and an artificial normal hybrid at the lower left. 
A leaf of mariola (upper left) and guayule (upper 
right) are shown for general comparative purposes. 
A study of many plants from these separate sources 
shows that their general morphology is similar 
throughout. Of course, many differences of a minor 
nature may be seen between different plants. Nor- 
mal hybrids occur in nature, but no large stands 
have been found. Whether the normal hybrid re- 
produces largely by apomixis or by sexual means 
depends upon the parentage. Controlled crosses 


have shown that several wild hybrids which came 
from Texas where no highly sexual forms of either 
guayule or mariola have been found, reproduced 
largely by apomixis. On the other hand, of two 
wild hybrids from the state of Durango, Mexico, 
one gave what appeared to be a wholly apomictic 
progeny, while the other gave a progeny composed 
almost completely of hybrids. Progenies of three 
normal F^ hybrids have been grown. The results 
were not uniform. One plant whose parents were 
both known to be sexual gave a highly segregating 
population, all of the individual plants being hy- 
brids. Two plants where one parent or both were 
known to be highly apomictic gave progenies which 
were almost wholly maternal, hence they were apo- 
micts. The implication from these results is that 
whether a normal hybrid reproduces apomictieally 
or sexually depends upon the genes affecting this 
phenomenon received from its parents. As Powers 
(1945) has shown, several independent steps are 
apparently involved in the conversion of a sexually 
reproducing plant type to one which reproduces 
apomictieally. 

Collection Jf260 . — Seed collection 4260 is of in- 
terest because the plants raised from it are not 
true mariola and because the general type of plant 
represented by this collection was recovered from 
mariola X guayule crosses. In a notation made at 
the time collection 4260 was made, Powers (unpub- 
lished notes) says, “Dr. (W. B.) McCallurn states 
that these plants are not Parthenium incanum 
(mariola) but are from a very closely related spe- 
cies." P. Lozanianum Bartlett is reputed to be 
closely related to mariola, but the validity of this 
species has not been verified, nor have our plants 
been compared with representative material of this 
species. The plant at the right in figure 4 is an 
apomictic F* of a plant from collection 4260 and 
is to be compared with the plant at the left which 
is an Fi hybrid from an interspecific cross in which 
a ± 72-chromosome mariola was used as the female 
parent. The plant at the left has ± 108-chromo- 
somes, indicating that the egg of the mariola parent 
did not possess the reduced number of chromosomes. 
Hence this hybrid has a predominance of mariola 
chromosomes. This accounts for its close affinity to 
mariola. Two leaves each of the tw r o plants shown 
in figure 4 are shown in figure 8, The two at the 
upper right are from the Fj hybrid; those at the 
lower right are from the maternal daughter of a 
wild plant of 4260. Two leaves of mariola are at 
the left in figure 8 for comparative purposes. It is 
not contended that the Fj hybrid having a 2 to 1 
ratio of mariola to guayule chromosomes is an exact 
duplication of the type of plant in the wild of winch 
4260 is representative. Rather this shows the way 
in which plants of this sort probably arose through 
hybridization. 

Possible utilization of hybrids between gua- 
yule and mariola. — Certain factors influencing the 
rubber-yielding capacity and adaptability of gua- 
yule can certainly be radically altered by the intro- 
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duction of genes from mariola which affect its gen- subsequent fertilization (normal sexuality) ; and 
eral physiology and growth characteristics. Whether the aberrant hybrids arose when nonreduction in 
these alterations are favorable or unfavorable to the female was followed by fertilization (abnormal 
the accomplishment of the desired result can only sexuality). 

be determined by experimentation. Mariola as a In addition to being affected by the method of 
species has certain characteristics which appear to reproduction operative, the nature of the hybrids 
be desirable from the point of view of the ultimate between guayule and mariola is affected by the 
improvement of guayule as a domestic rubber-pro- balance of the chromosomes of one species to the 

ducing plant. Some of these are: more winter other. The fact that a long polyploid series is pres- 

hardiness than guayule, faster growth during the ent in both species allows for a wide interplay in 
early years of growth thus obtaining greater size ratio of guayule to mariola chromosomes. Further- 
in a shorter time, greater resistance to certain dis- more, the number of combinations obtainable in the 

eases, and the production of several to many canes F x offspring is greatly enhanced by the fact that 

from the crown instead of a short single trunk as both reduction and nonreduction occur at each ehro- 

in guayule. The latter characteristic may be im- mosome level except in the purely sexual forms, 
portant if pollarding becomes a method of harvest So far as the investigations have gone, crosses are 
for the shrub. That any one or all of these charac- compatible in any and all of these situations. The 


teristies may be wholly or partially introduced into 
guayule by introgressive hybridization seems high- 
ly probable. There is no question but that hybrids 
of many sorts can be obtained at will. These are 
both vigorous and fertile. The success of the “inter- 
mediate’ ’ type in nature and the greater vigor and 
size of this type plant when compared to the usual 
guayule type under cultivation clearly shows that 
interspecific hybridization can and should play an 
important role in the development of guayule as a 
crop plant. 

summary 

The progenies of thirty-six crosses between gua- 
yule and mariola have been studied. Each species 
was used as the female parent in an equal number 
of successful crosses. Guayule plants with 2n = 
-f- 3 6 chromosomes were completely sexual and 
when used as the female parent their progenies 
consisted wholly of hybrids. The ±72-chromosome 
guayule plants used reproduced largely by apo- 
mixis, but one plant gave 38.5 per cent hybrids. All 
the crosses gave at least a few hybrids. Single F* 
progenies of many crosses gave three types of 
plants, namely, maternals, normal hybrids and aber- 
rant hybrids. The maternals arose by apomixis 
(non-reduced pseudogamy and possibly pseudoga- 
mous diplospory) 6 ; the normal hybrids were the 
result of normal reduction in both parents with 

0 See footnote 3. 


complexity thus obtained in the picture of hvbridity 
resulting from primary crosses between guayule 
and mariola is unusual in the plant kingdom. 

Three plant types previously described from a 
large population of guayule obtained from wild 
sources and determined as having certain mariola- 
like characteristics have been approximately dupli- 
cated by artificially produced hybrids. A fourth 
wild type which is nearly related to mariola has 
been matched by analogous ¥ 1 hybrids from con- 
trolled crosses. Thus an explanation of the origina- 
tion of these distinguishable wild types has been 
worked out. That a good deal of crossing between 
guayule and mariola occurs in nature must go un- 
questioned. In spite of this, guayule and mariola 
remain as good plant species and may be found 
predominantly in the pure form even where they 
intermingle freely. 

Considering the ease with which hybrids may be 
obtained between guayule and mariola and the fact 
that mariola possesses characteristics which will 
probably prove to be of value in improving gua- 
yule as a rubber producing crop-plant, there ap- 
pears to be a definite place for interspecific hy- 
bridization involving these two species in the breed- 
ing program concerned with guayule improvement. 
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STUDIES ON CHLORELLA VULGARIS. X. INFLUENCE OF THE AGE OF THE 
CULTURE ON THE ACCUMULATION OF CHLORELLIN 1 

Robertson Pratt, John F. Oneto, and Jane Pratt 


Chlorellin, an antibiotic substance or complex 
of substances active against a number of Gram- 
positive and Gram-negative bacteria has been ex- 
tracted from cultures of Chlorella in inorganic nu- 
trient solutions (Pratt et al., 1944) and some of its 
biological properties have been described (Pratt, 
1942, 1943). 

To date, however, the yields of chlorellin have 
been relatively small. The present study was under- 
taken, therefore, to ascertain the course of accumu- 
lation of this antibiotic agent in growing cultures of 
Chlorella vulgaris with a view to determining the 
age at which the maximum quantity of the active 
compound may be obtained from the external solu- 
tion. 

Materials and methods. — The organism used in 
these studies was Chlorella vulgaris. The cells were 
cultured as described previously (Pratt, 1943) in 
500 ml. Florence flasks, each of which contained 
300 ml. of nutrient solution. The initial density of 
population in each culture was 100 cells/cu.mm. 

At suitable intervals during a period of nearly 
two months, duplicate cultures were prepared for 
testing as follows: 

1 . Cells removed by filtration of culture through 
No. 5 Whatman paper. 

2 . Volume of clear filtrate reduced to about one- 
tenth by distillation under reduced pressure (tem- 
perature did not exceed 35 °C.). 

3 . Residue from No. 2 evaporated to dryness over 
CaCls in evacuated desiccator. 

4 . Residual salt cake extracted with 10 ml. CHC1 3 
which had been redistilled recently from K 2 CO 3 . 

5 . Suspension from No. 4 filtered through No. 5 
Whatman paper. 

6 . Filtrate from No. 5 evaporated to dryness in 
vacuo without heating. 

7 . Ten ml. one per cent potassium phosphate 
buffer (pH 7) added to residue. 

The solutions that were obtained were tested for 
antibacterial activity by the cylinder plate method 
(Abraham et al., 1941) using Staphylococcus aureus 
NRRL strain No. 313 (same as F.D.A. strain No. 
209) as the test organism and an incubation period 
of 18 hours at 37 °C. Extracts prepared from blank 
cultures which were not inoculated showed no anti- 
biotic activity. The diameter of the cylinders em- 
ployed in these tests was 8 mm. Therefore, a prepa- 
ration lacking antibiotic activity (as measured by 
this test) is indicated by a value of 8 mm. 

Results. — The principal results from the first 
group of experiments are shown in figure 1 . The 
solid curve in the lower portion of the figure shows 
that the increase in cell number followed the normal 
• course that has been described previously. The 

1 Received for publication May 10, 1945. 


dotted sigmoid curve, representing the idealized 
growth curve for Chlorella (Pratt, 1940), is drawn 
according to the equation 
X 

l og ~~~K (t-ti) (1) 

A-X 

where X represents the density of population at 
time, t ; A represents the maximum density of popu- 
lation that is attained; t 1 represents the time when 
X — A/ 2 ; and K is a constant. Numerical values for 
the terms in the equation are from earlier work 
(loc. cit.). The solid curve in the upper portion of 
figure 1 represents the diameters of the zones of 
inhibition that extracts from the cultures of differ- 
ent ages caused on plates of Staph . aureus. 

As was anticipated from earlier w T ork, it was 
found that solutions from cultures that have attained 
their full growth — i.e., two weeks of age or older 
under the conditions of these experiments— are rela- 
tively rich in chlorellin. The entirely unexpected re- 
sult was the discovery that almost as much ehlorel- 
lin can be extracted from very young cultures — i.e., 
cultures about 2 days old. Between the second and 
sixth days the chlorellin content of the cultures de- 
creased rapidly and then increased abruptly from 
the sixtli day until about the twelfth or fourteenth 
day after which time it remained at approximately 
the same relatively high level. It is noteworthy that 
the period of rapid decrease in chlorellin concentra- 
tion coincided with the phase of growth during 
which the rate of growth was continuously increas- 
ing and that the lowest concentration coincided ap- 
proximately with the time of most rapid increase in 
density of population. This relation is emphasized 
by comparison of the curves for growth and for 
diameter of zones of inhibition with the dotted curve 
in the center section of figure 1 . The time axis is the 
same for all curves. The dotted curve in the center 
section is drawn according to the equation 
dx 

~k x (A~x) (2) 

dt 

and represents the differential form of equation ( 1 ). 

To verify the observation that the concentration 
of chlorellin in the external solution decreases during 
periods of rapid increase in population, the following 
experiment was performed. Cells were removed by 
centrifugalization from several thirty-one-day old 
cultures of the same series, and the cell-free solutions 
were pooled . 2 To this 1500 ml. pool of pale yellow 
solution 20 Gm. Norite “A” were added and the mix- 
ture was stirred for 20 minutes. Then the carbon 
was removed by filtration. A small portion of the 

2 After the normal maximum density of population has 
been attained (ca. 95,000-100,000 cells/cu. mm. under the 
conditions of these experiments) the population remains 
relatively static for several weeks. 
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Fig. 1. (Upper portion.) Diameter of zone of inhibi- 
tion caused by extracts from cultures of different ages 
on plates of Staph, aureus. A value of 8 mm. indicates no 
zone of inhibition, since that is the diameter of the stand- 
ard cylinder. (Center portion.) Increase in population of 
Chlorella vulgaris cultures as a function of time — data 
from Pratt (1940). (Lower portion.) Population in Chlo- 
rella vu Igu ris cultures of different ages. Dotted curve rep- 
resents theoretical normal growth curve — data from Pratt 
(1940). The arrows represents time at which Norite treat- 
ment was used. See text for explanation. 

clear, colorless filtrate that was obtained was used 
to prepare a suspension of the cells that had been 
removed from the original cultures, another portion 
was set aside for extraction and the remainder was 
dispensed in the culture vessels (300 ml./ flask).- A 
sufficient volume of the cell suspension was added to 
each flask to give a population of 2.79 X 10 10 cells 
per flask which was equivalent to the mean popula- 
tion in the cultures at the time of the treatment. The 
time at which cultures were subjected to this treat- 
ment is indicated by an arrow (fig. 1), 

The effect of this procedure on subsequent density 
of population in the cultures and on the antibiotic 
activity of extracts prepared from them is shown 
by the dashed curves. First, as has been described 
previously for cultures treated in this manner 
(Pratt, 1944) there was a renewed activity of 
growth, the course of which tended to duplicate that 
of the first growth period. Concomitant with this 


there was a slight rise in the pH value of the solu- 
tions. The curves in the upper portion of figure 1 
show that the Norite treatment removed an appre- 
ciable portion, although not all, of the antibiotic 
material from the solutions. The significant observa- 
tion is the fact that again a decrease in antibiotic 
activity accompanied the first part of the growth 
cycle and that as the rate of increase in population 
declined there was an increase in the antibiotic 
activity of the extracts prepared from the different 
solutions. 

In another set of experiments two series of cul- 
tures were inoculated. Series A was inoculated in the 
regular way and served as a control. Series B was 
inoculated with cells which had been soaked for one 
hour in two changes of distilled water immediately 
prior to their inoculation into the culture. Thus, cells 
of this series should have been virtually devoid of 
chlorellin. The results of the experiments are shown 
in figure 2. It is noteworthy that in the cultures of 
series B the initial rise in chlorellin concentration 
of the external solution during the first 36 hours was 
lacking and that the curve representing antibiotic 
activity of the extracts from the solutions of this 
series remained at a relatively low level throughout 
the first half of the growth period, the time during 
which the rate of increase in density of population 
■was continuously accelerating. During the latter 
half of the growth cycle when the rate of increase 
in density of population was declining, the concen- 
tration of chlorellin in the external solution in- 
creased. 

Discussion. — The facts observed in these experi- 
ments are that when cells from a four-day old cul- 
ture of Chlorella vulgaris are placed directly in 
fresh nutrient solutions there is a rapid increase in 
the chlorellin content of the external solution during 
the first thirty-six to forty-eight hours followed by 
a sharp decline during the next two to four days. 
The period of this decline is concomitant with the 
period during which the rate of increase in density 
of population is continuously accelerating and the 
time at which the lowest concentration of chlorellin 
is present in the external solution seems to coincide 
approximately with the peak of the differential 
growth curve. Following this stage, and coincident 
with the period of continuously diminishing rates of 
increase in density of population is a period during 
which the chlorellin concentration in the external 
solution increases. When, however, the inoculum 
consists of cells that have been soaked in distilled 
water to remove the chlorellin, the initial increase 
and subsequent diminution in chlorellin content of 
the external solution are eliminated. Only the final 
increase in concentration that accompanies the de- 
clining rate of growth in the later stages occurs. 

It is possible to make several interpretations of 
these facts that are consistent with the present data 
and with previously published reports. It has been 
suggested in previous work that chlorellin is toxic 
for cells of Chlorella as well as for certain other 
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organisms. 3 Therefore, it may be hypothesized from 
the present experiments that if this is true, actively 
growing and dividing cells are capable of destroy- 
ing, inactivating, or detoxifying chlorellin, but that 
static (non-dividing) cells possess this ability only 
slightly, if at all. Therefore, when only a small frac- 
tion of the cells in a culture is dividing, production 
of chlorellin exceeds the detoxifying or inactivating 
capacity of the cells and a surplus is available to 
diffuse from the cells and to accumulate in the ex- 
ternal solution. This condition prevails in the cul- 
tures during the first two days following inoculation. 
Evidence already in the literature shows that chlo- 
rellin diffuses readily through cell membranes and 
is probably distributed between the cells and ex- 
ternal solution according to the concentration gra- 
dient (Pratt, 1942, 1944). 

During the next phase of development when a 
very large fraction of the cells is dividing actively 
and the actual numbers of cells in the colony is in- 
creasing very rapidly, the detoxifying or inactivat- 
ing capacity of the culture is large and chlorellin 
disappears from the external medium. Later, -when- 
the rate of increase in density of population is de- 
clining, an ever increasing proportion of the cells 
becomes static and divides seldom. At this time chlo- 
rellin is again produced in excess and so accumulates 
once more in the cells and then diffuses into the ex- 
ternal solution. 

If, on the other hand, later studies should show' 
that chlorellin is an essential metabolite for cells of 
Chlorella vulgaris , the observations recorded in the 
present wmrk could be accounted for with equal facil- 
ity. The data in that case could be taken to indicate 
that only static or non-dividing cells produce chlorel- 
lin in excess of their physiologic needs. Therefore, it 
w r ould be only when cells w r ere dividing slowly or 
when a relatively small proportion of the cells in the 
culture was dividing that production of chlorellin 
would exceed current demands and that a surplus 
wmuld be available to diffuse from the cells and to ac- 
cumulate in the external solution. This would apply 
to the two days immediately following inoculation. 
During the second period of development the produc- 
tion of chlorellin might well fall short of current re- 
quirements and all or some of the previously accumu- 
lated chlorellin might be metabolized by the very 
rapidly increasing number of new cells, thus causing 
its disappearance from the culture solution. During 
the final stages of the growth curve, chlorellin would 
accumulate again because of the increasing propor- 
tion of static, relatively inactive cells in the culture. 

Another factor that should not be neglected is the 
possibility that changes in the permeability of the 
cells occur with increasing age of the cultures. Maxi- 
mov and Mozhaeva (1944) reported that the aging 
process in cells of oats and broadbeans is charac- 
terized first by reduction and later by an increase in 
permeability of the protoplasm. In colonies of Chlo- 
rella vulgaris, more than three days old, the number 

3 Exceedingly low concentrations ■ may be stimulating 
for Chlorella: (See Pratt, 1M&) 



Fig. 2. ( Upper portion.) Diameter of zone of inhibi- 
tion caused by extracts from cultures of different ages 
on plates of Staph, aureus. A value of 8 mm. indicates 
no zone of inhibition, since that is the diameter of the 
standard cylinder. ( Lower portion.) Population in Chlo- 
rella vulgaris cultures of different ages. See text for ex- 
planation of two series. 


of dividing cells per thousand cells present is a con- 
stantly decreasing function of the age of the culture 
(Pratt, 1940). Hence, as time progresses, the age of 
the “average” cell must continuously increase, at 
least until sometime after the maximum population 
has been attained. Therefore, if the phenomenon re- 
ported by Maximov and Mozhaeva should be found 
to apply to the unicellular cryptogams as well as to 
the cells of phanerogams, it might assume major 
importance in the final elucidation of the mechanisms 
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During the thirty-six to forty-eight hours imme- 
diately following inoculation of the cultures chlo- 
rellin accumulates in the external solution. This is 
followed by a sharp decrease in chlorellin concen- 
tration during the next two to four days. From about 
the fifth or sixth day to about the fourteenth day, 
there is a continuous rise of chlorellin concentration 
which then remains relatively constant for at least 
six weeks. 

Other experiments showed that chlorellin accu- 


mulates in the culture solution when growth in popu- 
lation is relatively slow. During the periods of most 
rapid increase in density of population chlorellin 
disappears from the external solution. Possible in- 
terpretations of the data are discussed. 

University of California, 
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A VIRUS TUMOR DISEASE OF PLANTS 1 
L. M. Black 


The discovery of a new plant virus, Aureogenus 
magnivena Black, and data on its specific transmis- 
sion by the agallian leaf hoppers Agallia constricta 
Van Duzee, Agallia quadri punctata (Provancher) 
and Agalliopsis novella (Say) were reported in 
earlier papers (Black, 1943, 1944). 

It is the purpose of this publication to describe 
the symptoms produced by this virus in a number of 
plants. To do this, experiments elucidating the host 
range of the virus will be briefly described first. 
Then will follow a description of the various symp- 
toms, including tumors formed by the virus on roots 
of many of the suscepts and tumors formed on the 
stems, petioles and leaves of certain others. 

In an earlier paper (Black, 1944) the appellations 
“clover big-vein virus” and “clover big-vein” were 
suggested for the pathogen and the disease it causes 
in Trifolium incarnatum L, It now seems that the 
terms “wound-tumor virus” and “wound-tumor dis- 
ease” may be more appropriate and distinctive and 
they are proposed here, as alternative names prefer- 
able to those originally suggested. The reasons for 
choosing these names will be discussed in greater 
detail later. 

Host range.— The host range studies reported 
in this paper constitute only a preliminary survey 
of the possible suscepts of the virus. The species 
tested were selected on the basis of their availability 
uid their adaptation to greenhouse culture. Many 
were ornamentals, some were vegetables and some 
were common weeds. The weed seeds were kindly 
1 Received for publication April 9, 1945. 


provided by Dr. S. G. Younkin; the seeds of culti- 
vated plants were purchased from various seed com- 
panies. Leafhoppers of the species Agallia con- 
stricta, fed on diseased crimson clover for two to 
three weeks and then kept on healthy clover for an 
additional week, were used to inoculate the plants. 
Three experiments, each of which included most of 
the species, were conducted. In each experiment five 
insects were placed on each of two seedlings of a 
species and allowed to feed on the plants for a week. 
The insects were then removed and the plants ob- 
served in a greenhouse during a period of not less 
than six weeks. Some were observed for more than 
a year. Two uninoculated plants were retained as 
controls. If one or more of the inoculated plants 
developed symptoms typical of the disease the spe- 
cies was judged to be susceptible. The symptoms of 
wound-tumor disease were so distinctive that this 
procedure was considered sound, especially since 
any doubtful cases were omitted from the list of sus- 
cepts presented in table 1 . 

The 43 suscepts listed in the table belong to 20 
families. The authorities for the names of the culti- 
vated plants are those assigned by Bailey (1925) 
while the authorities for the wild species are those 
given by Gray (1908). Of the species listed, Brachy - 
come iberidifolia, Chrysanthemum leucanthemum 
var. pinnatifidum, Melilotus alba. Trifolium incar- 
natum, Rumex acetosa , Linaria maroccana, and 
Schizanthus xmsetonensis appeared to be especially 
easy to infect by means of insects. It is evident that 
the virus has a wide host range. As the three tests 
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were by no means exhaustive the results indicate that 
the virus probably is able to infect many other gen- 
era and species in the families listed and also may 
be able to infect species in many additional families. 

Symptomatology. — The most common symptoms 
of wound-tumor disease are vein-enlargement and 
the occurrence of woody tumors on the roots of in- 


Table 1 . Plants susceptible to wound-tumor virus. 


Family 

Genus and species 

Aizoaceae 

Tetragonia expansa Murr. 

Apocynaceae 

Vinca rosea L. 

Boraginaceae 

II e Ho tr opium perurmmtm L. 

Caryophyllaceae 

Dianthus armeria L. 

Caryophyllaceae 

Dianthus barbatus L. 

Caryophyllaceae 

Lychnis alba Mill. 

Caryophyllaceae 

Silene latifolia (Mill.) Britten and 
Rendle 

Chenopodiaceae 

Kochia scoparia Schrad. var. tricho - 
phila Bailey 

Compositae 

A nthe mis cotula L. 

Compositae 

Brachycome iberidifoUa Benth. 

Compositae 

Chrysanthemum leucan themum L. var. 
pinnatifidum Lecoq. and Lamotte 

Compositae 

Rudbeckia bicolor Nutt. 

Compositae 

Rudbeckia hirta L. 

Compositae 

Venidium fastuosum Stapf 

Gruciferae 

Barbarea vulgaris R. Br. 

Grueiferae 

Capsella bursa-pastor is (L.) Medic. 

Gruciferae 

Heliophila Knearifolia Burch. 

Gruciferae 

Lepidium campestre (L.) R. Br. 

Gruciferae 

Lepidium virginicum L. 

Gruciferae 

Matthiola bicornu DC. 

Dipsaceae 

Scabiosa atropurpurea L. 

Hydrophyllaceae 

Phacelui campanularia Gray 

Iveguminosae 

Melilotus alba Desr. 

Leguminosae 

Tri folium incarnatum L. 

Iveguminosae 

Tr\ folium pratense L. 

Lin ace ae 

Linum grandiflorum Desf, 

Lobeliaceae 

Lobelia erinus L. 

Nolanaceae 

Nolan a atriplicifolia D. Don. 

Polygonaceae 

Rheum rhaponticum L. 

Polygonaceae 

Rumex acetosa L. 

Polygonaceae 

Rumex acetosella L. 

Polygonaceae 

Rumex crispus L. 

Polygonaceae 

Rumex obtusifolius L. 

Portulacaceae 

Portulaca grandiflora Hook. 

Portulacaceae 

Pdrtulaca oleracea L. 

Primulaeeae 

AnagalHs linifolia L. 

Kesedaceae 

Reseda odor at a L. 

Scrophulariaceae 

Collinsia bicolor Benth. 

Scrophulariaceae 

Lin a ria maroccana Hook. 

Scrophulariaceae 

Torenia fournieri Lind. 

'.Solanaceae . 

Nierembergia fmtescem Dur. 

Solanaceae 

Schbanthus wisetonensis Low. 

: Verbenaceae. 

Verbena hybrida Voss, 


fected plants. This is emphasized so that the impor- 
tance of these symptoms will not be lost sight of in 
the detailed symptomatological picture that follows. 

Symptoms on the tops. — Most virus diseases of 
plants first betray their presence by the well known 
symptom “clearing of the veins. ** The wound-tumor 
disease is an exception to this rule. Clearing of the 
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veins has never been observed in any of its suscepts. 
Instead an irregular enlargement of the veins is an 
almost universal symptom. The enlargement occurs 
on the lower surface of the leaf, and on the upper 
surface is frequently accompanied by the depres- 
sion of the vein below the upper surface of the 
lamina. In many species the vein enlargement gives 
rise to growths, some of which are perhaps best de- 
scribed as enations, as in Vinca rosea and Trifolium 
incarnatum. In Lobelia erinus (fig. 1) large enations 
may be produced and small nodular growths may 
cluster around their base. Irregularly enlarged veins 
with various protuberances are illustrated by the 
growths on infected leaves of Rumex ace t os a (fig. 2a 
and 2b). In still others the outgrowths might proper- 
ly be termed vein-tumors, as in some old diseased 
leaves of Rumex acetosa or Chrysanthemum leucan- 
themum var. pinnatifidum. Such vein-tumors break 
through the overlying green tissues exposing the 
white tumor tissue. The overgrowths are always on 
the under sides of the leaves. In some species, such 
as Silene latifolia and Rumex obtusifolius, symp- 
toms on the veins are so slight and so scarce that they 
are difficult to detect, even though upon examination 
the roots show numerous tumors. 

It is common for diseased leaves to show various 
kinds of distortion, dwarfing, and curling. The tops 
of diseased plants are frequently severely stunted, 
the leaves being small and the internodes shortened. 
A rosette of diseased stems and leaves results (fig. 
3). The crowns of infected Chrysanthemum leucan - 
themum plants may show overgrowths which appear 
to develop at the points where, in healthy plants, 
adventitious roots arise (fig. 5), In some individuals 
of Brachycome iheridi folia the stem itself is greatly 
thickened. Sometimes small tumors develop on peti- 
oles of infected Rumex acetosa. These may break 
through the green epidermis and expose the white 
tumor tissue. The production of flowers is frequently 
suppressed. 

The species Melilotus alba deserves special men- 
tion because infected plants of this species produce 
numerous tumors on both stems and roots. The stem- 
tumors may attain a diameter of about 1 cm. Some 
are illustrated in figure 6, as are the root-tumors 
that have pushed their way above the surface of the 
soil. With the exception of overgrowths on stems at 
the crowns of plants, Melilotus alba is the only plant 
thus far tested that does produce tumors on the 
stems. It is rather surprising that it is also one of 
the very few that shows no symptoms on the leaves 
other than a slight dwarfing effect. 

Some infected plants with apparently normal tops 
may have marked root-tumors. Poriulaca oleracea 
and Reseda odor at a are in this category. Among the 
small number of infected plants of these species 
grown in pots in the greenhouse no top symptoms, 
not even a reduction in growth, was observed. How- 
ever, it seems probable that comparisons between 
groups of diseased and healthy plants grown under 
ideal conditions would reveal some degree of dwarf- 
ing of the tops of the diseased individuals. 
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ig. l~-4. Fig. 1. Diseased leaf of Lobelia erinus. The two halves of the leaf are curled up from the midrib. From the 
lower side of the midrib numerous leafy enations have arisen and small nodular growths cluster about their base. 
(X 2.6). big. 2a and 2b. Diseased leaves of Rumex acetosa showing enlarged veins and vein protuberances of vari- 
ous shapes. (X 0.74). Fig. 3. Brachycome iberidif olia. Left: healthy; right: diseased. The internodes of the infected 
plant are severely dwarfed so that a rosette is formed. (X 0.23)^— Fig. 4a and 4b. Portions of the roots of Reseda odo - 
rata, a : healthy ; b : diseased. On the diseased root numerous tumors have fused together to form two rows directly 
opposite each other. This tumor pattern corresponds to the pattern of emergence of the lateral roots, all of which were 
removed in preparing the specimens for photography. (K 0.71). (Photographs by J. A. Carlile.) 
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I In some species there is considerable variation in 

the response of different individuals to infection 
with the virus. In Rumex acetosa some individuals 
have very mild symptoms on the veins while other 
individuals produce numerous overgrowths on veins 
that are enlarged throughout all the leaves. There 
is also a marked variation in the number and size of 
the root-tumors on different individuals of R. ace- 
tosa. In Melilotus alba the number of tumors pro- 
duced on the stems of different infected plants is 
subject to much variation. Moreover, the character 
of the tumors on different plants may vary. On most 
the tumors are smooth and round, but on others they 
may be flat, warty and elongated along the stem. 

Symptoms on the roots. — The virus produces tu- 
mors on the roots of many different kinds of plants. 
On some plants such as Kochia scoparia var. tricho- 
phila or Heliotr opium peruvianum only one or a few 
tumors may be produced on an extensive root system. 
These may be clustered as observed in an infected 
Kochia root or scattered as for example in helio- 
trope. On the other hand in Portulaca oleracea, 
Lepidium campestre, Melilotus alba and others the 
root-tumors may be exceedingly numerous. In some 
species the tumors may be so close together that they 
are fused. Figures 4a and 4b illustrate these fea- 
tures in roots of Reseda odorata. There are some 
suscepts of the virus which do not produce notice- 
able root-tumors when infected. For example, in- 
fected plants of Lobelia erinus, although they have 
exhibited striking leaf symptoms, have shown no 
macroscopic tumors on the roots. However, even in 
this case very small swellings on the vascular sys- 
tem of the root are detectable through the trans- 
parent cortex by means of the naked eye. 

In a number of species the tumors obviously origi- 
nate at the points where the lateral roots emerge 
from the main root and it may well be that such a 
relationship holds true for most or all tumors on the 
roots of other suscepts. For example, in Reseda 
odorata the lateral roots emerge for the most part 
in two rows on opposite sides of the mother root. 
The tumors on infected roots of this species have the 
same distribution (fig. 4a and 4b) and so give the 
diseased root an undulating, ribbon-like appearance, 
j In Dianthus barbatus the tumefactions appear as 

collar-like growths around the base of the lateral 
roots (fig. 7). It may be that the wound produced 
by the emergence of the lateral root plays a part in 
the origin of the tumor at that point. 

In size the root-tumors range from mere pustules 
on the fine roots of some cruciferous species and 
other plants to tumors measuring about 1 cm. in 
diameter on the roots of certain infected individuals 
of Rumex acetosa (fig. 9a and 9b). The root-tumors 
j of Silene latifolia (fig. 8) and of Melilotus alba (fig. 

6) are also relatively large. In Rumex acetosa and 
| Melilotus alba roots having a diameter of 0.3 mm* 

| may bear spherical tumors with a diameter ten times 

as great. However, the tumors growing on the sus- 
j cepts are limited in size. This limit varies from one 

r species to another and is probably determined by 


the failure of the disorganized vascular system of 
the tumors to provide adequate food transport over 
more than a short distance. 

On all plants the tumors seem to have a woody 
texture and a more or less spherical structure that 
permits distinction from the commonly fusiform 
parenchymatous galls caused by the root-knot nema- 
tode, Heterodera marioni (Cornu) Goodey. The tu- 
mors are also readily distinguished from the nodules 
on legfume roots caused by species of Rhizobium 
even when both occur on the same root. The bacte- 
rial nodules are more elongated, smoother, softer, 
more regular in outline and are much more fragile. 

On most roots the tumors are the same color as the 
roots on which they are borne but on the roots of 
Anagallis linifolia they contain varying amounts of 
a purple pigment. Sometimes these tumors are dark 
purple, which is in striking contrast to the light 
color of the normal root. In this connection it should 
be mentioned that normal plants of this species pro- 
duce warty overgrowths on the stems and that these 
also contain a purple pigment. 

Old root tumors rot, probably because of invasion 
by secondary organisms, so that old infected roots 
may show extensive decay. 

Discussion. — Wound -tumor disease would seem 
to provide excellent biological material for studying 
plant tumors of virus causation. That the pattern of 
occurrence of the tumors on certain roots is identical 
with the pattern of origin of the lateral roots has 
already been pointed out. Lateral roots originate as 
meristems in the pericycle and break through the 
endodermis, cortex and epidermis. In emerging they 
always wound these overlying tissues. On the other 
hand leaves, branches and flowers are initiated in 
the superficial layers of the promeristem of the stem 
tip and develop without breaking through and 
wounding pre-existing tissues. Preliminary experi- 
ments clearly indicate that wounds are involved in 
the origin of at least some of the tumors. It there- 
fore seems probable that the wounds made by 
emerging lateral roots are connected with the high 
frequency of root-tumors, whereas the origin of the 
appendages of the stem without comparable wounds 
may be an important factor accounting for the rela- 
tive infrequenee of stem-tumors. Moreover, wounds 
offer an explanation for the local character of indi- 
vidual tumors, which require as one essential condi- 
tion of their development a systemic virus. The 
origin of the overgrowths exclusively in the vicinity 
of the vascular system suggests that the virus ex- 
hibits tissue specialization in its effects, and the 
occurrence of the overgrowths only on the lower 
sides of leaves suggests that the phloem is probably 
the tissue affected. Cytologieal and tissue culture 
studies, although only in a preliminary stage, indi- 
cate clearly that meristems are continuously pres- 
ent in the tumors and that these overgrowths have 
potentialities for unlimited growth without differ- 
entiation into normal plant organs such as roots, 
stems or leaves. 
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Fie. 7. Portion of a diseased root of Dianthua barbatus. 
The tumefactions appear as collar-like growths around t le 
lateral roots where they emerge from the mam root. (X 
1.6). (Photograph by J. A. Carlile.) 


Wound-tumor disease resembles Fiji disease of 
sugar cane, which occurs in New Guinea, Fiji, 
Java, the Philippines and Australia (Holmes, 
1939) The virus causing Fiji disease is transmitted 
by two species of leafhoppers in the genus Per- 
kinsiella (Mungomery and Bell, 1933; Ocfemia, 
1934). The only known host is sugar cane, Saccha- 
rum officinarum L., which when infected develops 
galls on the veins on the under sides of the leaves 
and in the tissues of the stalk. These galls originate 
in the phloem (Kunkel, 1924). McWhorter (1922) 
reported the formation of galls on the roots but 
Ocfemia (1934) reported that he noted no changes 
in the roots of experimentally infected plants. The 
galls of Fiji disease appear to mature (Kunkel, 
1924) and this may be a difference between the 
overgrowths of Fiji disease and those of wound- 
tumor disease. Wound-tumor disease may also be 
similar to Wallaby Ear disease of corn about which 
very little has thus far been published (Schindler, 
1942). The possibility of relationship between the 
wound-tumor virus and the virus causing curly-top 
of beets in Argentina has already been suggested 
(Black, 1944). In many ways wound-tumor disease 
appears to be a homologue in plants of the tumor 
diseases in animals that are caused by viruses 
(Andrewes, 1934; Eous, 1943). Very little seems to 
be known about the natural means of spread of such 
animal viruses. 

In regard to several of its characters wound- 



Fig. 8. Portion of a diseased root of Site ne latifolia 
showing a large root-tumor. (X 1,6). (Photograph by J. A. 


Carlile.) 


nor disease appears to resemble crown-gall in 
ite of the bacterial origin of the latter. It differs 
nn crown-gall, however, not only in etiology but 
so in its systemic nature. For, in spite of the 
oduction of a limited number of secondary tu- 
ns in certain hosts (Smith, 1920; Braun, 1941) 
own-gall is essentially a localized infection and 

it a generalized or systemic disease. 

Although the writer is not certain that all tumors 
ise at the site of a wound it is certain from pre- 
ninary experiments that some of them do. ike 
•obable relationship between wounds and tumors 
clearly indicated in the above discussion of symp- 
, ms in relation to plant anatomy. Hence the writer s 
iclusion of the word “wound” in the names tor dis- 
ise and virus. While the use of the word tumor is 
;>t without precedent in plant pathology (bmith, 
920; Braun, 1941 ; White, 1944) the word gall lias 
> much wider usage that it seems incumbent on the 
Titer to explain bis choice. He has employed the 
»rm tumor rather than gall to describe the o\er- 
rowths of wound-tumor disease for two reasons. 
Vebster (1932) defines a tumor as “an abnorrna 
lass of tissue, not inflammatory and independent in 
haracter, arising without obvious cause from cells oj 
ne-existent tissue, possessing no physiologic func- 
ion, and characteristically unrestrained in growth 
L „d structure.” A gall is defined as “a swelling or 
tfasiiPQ of nlants resulting from 
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the attacks of certain parasites, which cause an 
abnormal and sometimes very extraordinary pro- 
liferation of the cells of the host plant/’ The italics 
are the writer’s and if the italicized phrases are 
omitted, the first because of its irrelevance for 
plants and the second because it is purely subjec- 
tive, the definition of tumor will be found to de- 
scribe the characters of the overgrowths of wound- 
tumor disease more precisely than the definition 
given for a gall. The use of “tumor” also favors 
comparisons, which may be mutually enlightening, 
between animal and plant tumors, whereas the em- 
ployment of the purely botanical term “gall” does 
not. 

The production of tumors in plants infected by 
the virus, Aureogenus magnivena, raises doubts as 
to the generic relationship between this virus and 
the other viruses in Aureogenus. A . magnivena was 
not known to produce tumors in plants when it was 
named and placed in the genus. However, until 
more is known about the virus which will help in its 
classification in a natural system it seems best to 
leave it as a species of Aureogenus . 

summary 

The tumors produced by the virus Aureogenus 
magnivena on the roots of many suscepts are de- 
scribed and illustrated. The overgrowths tended to 


be spherical and woody. Depending on the species 
of suscept they ranged in size up to 1 cm. in diame- 
ter and were so numerous on some roots that they 
were fused together. On other species only a few 
scattered tumors arose. On still others a cluster of 
tumors appeared on a single lateral root, other 
roots on the plant appearing healthy. In one spe- 
cies the root-tumors were a deep purple although 
the normal root was almost white. There appeared 
to be a definite connection between the root-tumors 
and the emergence points of the lateral roots. 

On Melilotus alba tumors appeared on the stems 
as well as on the roots. On most species the veins 
of the leaves were irregularly enlarged and, on 
many, various overgrowths such as en&tions or vein- 
tumors were formed on the under side. Tumors 
were also produced on the crowns of some hosts and 
on the petioles of others. 

Forty-three species of plants in 20 families were 
infected by the virus and it is believed that many 
more suscepts remain to be discovered. 

It is suggested that the names “wound-tumor 
disease” and “wound-tumor virus” for the disease 
and for the pathogen respectively are preferable to 
“clover big-vein” and “clover big-vein virus.” 

Department op Animal and. Plant Pathology, 

The Rockefeller Institute for Medical Research, 
Princeton, New Jersey 
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AN EXPERIMENTAL ANALYSIS OF ALKALOID PRODUCTION IN NICOTIANA: 

THE ORIGIN OF NORNICOTINE 1 

Ray F. Dawson 



The Nicotian a alkaloids constitute a remark- 
able natural series the common denominator in 
which is the presence of a pyridine nucleus. Such 
similarity in basic molecular structure would seem 
to bespeak a degree of unity in the origins of these 
interesting compounds, which unity might, in turn, 
conceivably provide a key to the experimental elu- 
cidation of their chemical synthetic mechanisms. 
The present communication provides an instance of 
such a relationship by demonstrating that nornico- 
tine (I) is produced in vivo from nicotine (II) 
probably by a process of transmethylation. It is 
furthermore indicated that the inheritance of this 
mechanism accounts for the predominance of nor- 
nicotine over nicotine in hybrids between Nicotiana 
tabacum and N. glutinosa and for the alleged pre- 
dominance of anabasine (III) (really the predomi- 
nance in the genetical sense of nornicotine) over 
nicotine in hybrids of the type N. tabacum X 
glauca (cf. Smith and Smith, 1942). 

The experimental approach to the solution of 
these problems was necessarily based upon the pos- 
session of complete information concerning the 
loci of alkaloid synthesis within the plant bodies 
of those species which produce nicotine, nornico- 
tine, and anabasine, respectively. Nicotine has al- 
ready been shown to originate solely in the roots of 
N. tabacum and of N. glauca (Dawson, 1942, 1944). 
Anabasine, on the other hand, is apparently formed 
in both root and shoot of N. glauca (Shmuck, Smir- 
nov and Ilyin, 1941; Dawson, 1944). The localiza- 
tion of the synthetic mechanism of the third and 
last of the major Nicotia?ia alkaloids, nornicotine, 
in N. glutinosa and in N. glauca has therefore been 
investigated and is reported in this paper. 


and of transformation in the three Nicotiana spe- 
cies, tabacum, glauca, and glutinosa and in the hy- 
brid N. tabacum X N. glauca . The experimental 
basis upon which these interpretations rest is pre- 
sented in the following sections. * 

Methods. — Reciprocal grafts involving tomato 
(vars. Rutgers and Bonny Best), Nicotiana gluti- 
nosa (seed obtained through the courtesy of the 
Office of Tobacco and Plant Nutrition of the Bu- 
reau of Plant Industry), N. glauca, and A r . taba- 
cum var. Turkish were prepared according to pro- 
cedures described elsewhere (Dawson, 1942, 1944a). 
The hybrid N. tabacum $ X N. glauca $ was ob- 
tained from the same strains that were used in the 
grafting experiments. In all cases graft unions were 
located as near to the ground as possible without 
incurring the danger of formation of adventitious 
roots by the scions. The stocks were always defo- 
liated unless otherwise indicated. 

The grafted plants were grown in an outdoor 
plot during the summer of 1944. The hybrids were 
grown in the greenhouse during the winter of 1 944- 
1945. These were harvested and prepared for analy- 
sis according to the usual procedures employed in 
this laboratory (Dawson, 1942, 1944). 

In all cases the alkaloids were initially separated 
from the plant material by steam distillation from 
strongly alkaline, saturated sodium chloride solu- 
tion into dilute hydrochloric acid. Distillation was 
continued until 10 milliliters of the distillate when 
treated with a few drops of silicotungstic acid solu- 
tion, heated, then cooled in running tap water for 
five minutes, yielded no opalescence. It should be 
noted that such tests for alkaloids in the distillates 
will remain positive long after an opalescence has 



Finally, through the use of suitable graft com- 
binations, it has been possible to chart in a general 
way not only the points of origin of each of these 
three alkaloids but also the centers of accumulation 

1 Received for publication April 5, 1945. 

The author wishes to express his indebtedness to the 
Rockefeller Foundation for financial assistance and to 
Professor K. W. Cooper and Doctor W, H. Pearlman for 
their many generous contributions of ideas during the 
course of this investigation. 


ceased to form in parallel tests conducted through- 
out at room temperature. Much nornicotine may be 
lost if this precaution is not observed. 

After concentration to low volume under reduced 
pressure the distillates were made alkaline and dis- 
tilled slowly through a six-inch Widmer column into 
dilute hydrochloric acid to remove nicotine and the 
lower boiling bases (Smith and Smith, 1942). The 
alkaline solutions of non-volatile alkaloids remain- 
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ing from these distillations were then chilled, satu- 
rated with solid sodium chloride, filtered, and ex- 
tracted with ether. The ether extracts were freed 
from the ether by distillation and the alkaloids 
taken up in hot aqueous picric acid solution from 
which the picrates crystallized on cooling. The dis- 
tillates from the Widrner column were evaporated 
to dryness under reduced pressure, a little water 
added and the process repeated to remove the last 
traces of hydrogen chloride. The resulting white 
crystalline material, usually very hygroscopic, was 
taken up in a small volume of water and picric acid 
solution added as before. The yields of the various 
samples are based upon the air dry weights of these 
crude alkaloid picrates. 

The isolation of individual alkaloids from these 
crude preparations proceeded as follows. In nearly 
all cases, one recrystallization of the picrates of 
the alkaloids that distilled through the Widrner 
column was sufficient to yield pure nicotine dipic- 
rate. The isolation of individual alkaloids from the 
non-volatile fractions was considerably more diffi- 
cult in those cases where more than one alkaloid 
occurred in appreciable amount. In these instances 
two procedures were followed. First a careful frac- 
tional crystallization of the picrates was carried 
out with close attention to the melting point of each 
fraction. Secondly, if mixtures of nornicotine and 
anabasine were suspected, portions of the mixed 
picrates were methylated in toto with the aid of 
formaldehyde and formic acid (Bowen and Bar- 
thel, 1944a), and the methylated picrates subjected 
to repeated fractional crystallization with empha- 
sis upon the least-soluble nicotine-rich fractions. 

In carrying out such fractional crystallizations 
three difficulties were frequently encountered. First, 
in some samples there occurred a steam-volatile sub- 
stance which did not distill through the Widrner 
column and which gave a troublesome oily picrate 
the presence of small amounts of which sufficed to 
depress strongly the melting points of anabasine or 
nornicotine dipicrates. Fortunately, this substance 
could he largely eliminated by filtering the hot so- 
lutions of the alkaloid picrates through cotton wool 
during the first recrystallization. Secondly, the 
work of Bowen and Barthel (194*4) and the data 
reported in this paper upon the physical proper- 
ties of synthetic mixtures of the alkaloid picrates 
make it clear that eutectic mixtures between any 
two can be anticipated. Furthermore, it is evident 
(cf. figure 1) that the properties of these eutectic 
mixtures may be quite different from the proper- 
ties of either alkaloid alone. It should be mentioned 
in this connection that fractional crystallizations 
performed upon crude picrates containing nicotine 
(cf. Vickery and Pucher, 1930) almost certainly re- 
sult in the isolation of eutectic mixtures of hope- 
lessly complex composition. While the problem of 
avoiding or detecting these mixtures has not been 
fully solved, the removal of nicotine prior to carry- 
ing out the fractional crystallization reported here- 


in has greatly simplified the task of isolation and 
identification. Finally, the third difficulty encoun- 
tered in the separation of anabasine from nornico- 
tine was the presence in relatively small amounts 
in grafts involving N. glutinosa and X. glauea of 
at least two alkaloids of unknown identity one of 
which seemed to be the N -methyl derivative of the 
other. The picrate of one melted only a few degrees 
below the melting point of nornicotine dipicrate. 



Fig. 1. Solubility and melting point spread of synthetic 
mixtures of anabasine and nornicotine dipicrates. Since 
the upper limits of the melting point spreads are more 
readily duplicated, they have been connected with a line 
to facilitate comparisons. The lower limits of the spreads 
represent the temperatures at which the first signs of 
sintering were observed in the melting point tubes. The 
figure, therefore, represents a nomogram which can he 
used to determine the composition of mixed picrates by 
drawing vertical lines through experimentally obtained 
points on the solubility and melting point curves and ex- 
tending them to the scale on the abscissa. Corresponding 
to the respective melting points, the solubility data de- 
viated from the theoretical by ~f- 0.1, — 0.1, and - - 0.9 
mgm. for samples of picrates from N. glauea scions on 
N. tabacum stocks. The corresponding deviation for the 
mixed picrates obtained from the hybrid N. tabacum X 
IV. glauea was + 0.6 mgm. 

and the picrate of the other melted at 2 17-2 19.5° €., 
just a few degrees below the melting point of nico- 
tine dipicrate. These substances always appeared 
in the form of very tiny crystals and sometimes 
occurred in sufficient amounts to necessitate car- 
rying the picrates of nornicotine and anabasine 
through several recrystallizations to be rid of them. 

Nicotine was identified by its azeotropic prop- 
erty with water at the boiling temperature, by its 
stability to nitrous acid, and by the melting point 
of its picrate (dec. 224-226° C.). Anabasine was 
identified by its failure to distill through the Wid- 
mer column, by the melting point of the picrate 
(218°C.), and by the solubility of the latter under 
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the conditions specified below. The identity of nor- 
nicotine was established by the same general crite- 
ria as those used for anabasine in addition to its 
methylation to nicotine. Since no method was avail- 
able for the quantitative determination of anabasine 
in the presence of nor nicotine a procedure was de- 
veloped which gave both qualitative evidence for 
the occurrence of the two alkaloids in mixtures and 
evidence for the approximate relative proportions 
in which they occurred. For this purpose synthetic 
mixtures containing various known proportions of 
purified nornicotine dipricrate (m.p. 190-192°C. ; 
picric acid content found 75.6 per cent, theory 75.5 
per cent) and anabasine dipicrate (m.p. 211— 
213°C. ; picric acid content found 73.95 per cent, 
theory 73.86 per cent) were prepared in 50 milli- 
gram quantities. Each mixture was dissolved in 
boiling water, the volume adjusted to 10 milliliters, 
and the tube containing the solution allowed to cool 
slowly at room temperature (about 25 °C.). Crys- 
tallization was induced by scratching the walls of 
the tube with a glass stirring rod at the first ap- 
pearance of a yellow cloudiness. Failure to bring 
about early crystallization led to greatly different 
results due probably to the failure of formation of 
maximum amounts of the eutectic mixture. 2 The 
crystalline products were then quantitatively fil- 
tered, dried at 50° C. for several hours, and weighed 
to the nearest tenth of a milligram. The entire melt- 
ing point spread of each crystalline sample was 
obtained and this and the solubility plotted against 
the proportions of the two alkaloids in the original 
samples. The results are shown graphically in fig- 
ure 1, Unknowns, from aliquots of which both ana- 
basine and nornicotine had been isolated earlier, 
were then dissolved in the ratio of 50 milligrams of 
pierate to 10 milliliters of hot water and the solu- 
bilities and melting points observed. These opera- 
tions were repeated a second or even third time 
when this became necessary to remove the last 
traces of contaminating alkaloids. The limitations 
of this arbitrary procedure are obviously (a) the 

2 Among the three major tobacco alkaloids the property 
of separating from aqueous solution during cooling as a 
second liquid phase is peculiar to nornicotine pierate. 
Transition to the solid state usually occurs in a few min- 
utes to a few hours depending upon the purity of the 
preparation. If the mixed picrates of anabasine and nor- 
nicotine are precipitated rapidly in liquid form by plung- 
ing the tubes into cold water, the eutectic point disappears 
on the solubility curve (fig. 1) and the whole is replaced 
by a broad parabola. Cooling in the air at room tempera- 
ture and without scratching, on the other hand, results in 
a broken type of solubility curve which differs from that 
in figure I only by the possession of a negative slope to 
the left of the eutectic point. The melting point curve to 
the left of the eutectic point under these conditions also 
shows a lower vertical displacement and then becomes very 
similar to the curve obtained by Bowen and Barthel (1944) 
for mixtures of nicotine and nornicotine dipicrates. While 
these last authors do not state the conditions under which 
crystallization occurred in their experiments, it is assumed 
that no effort was made to prevent the separation of liquid 
nornicotine dipicrate, and that, therefore, their results are 
comparable with those obtained in the present investiga- 
tion from this standpoint. 


necessity for the presence in the final analysis of 
only anabasine and nornicotine dipicrates and (b) 
the failure to indicate the true ratio between these 
two alkaloids in the original crude isolate. 

Further manipulative details are given in con- 
nection with the experiments in which they were 
employed, since such information possesses a direct 
bearing upon the principal thesis of this paper. 

The occurrence of unidentified alkaloids in indi- 
vidual experiments is not given consideration in this 
paper. The properties, origins and identities of 
these substances are to receive future investigation 
in this laboratory. There is no concrete evidence to 
show that they w r ere in any direct way linked with 
the phenomena that are described herein. 

All melting points recorded in this paper have 
been corrected for calibration errors and stem ex- 
posure. 

Results. — Alkaloids in reciprocal grafts of Nico- 
tiana glutinosa with N. tabacum and tomato . — 
When N. glutinosa scions were grown on tomato 
stocks neither scion nor stock contained any of the 
three major tobacco alkaloids (table 1). On the 
other hand, tomato scions grown on N. glutinosa 
stocks unexpectedly contained large amounts of 
nicotine. This observation was confirmed by a simi- 
lar experiment in which the non-alkaloid producing 
shoots of N. tabacum were grafted to N. glutinosa 
roots. Again, only nicotine could be detected in the 
scions. Furthermore, when tomato and N. glutinosa 
shoots were both grown on the same N. glutinosa 
roots the N. glutinosa shoots contained much nor- 
nicotine with only a little nicotine, while the tomato 
shoots contained only nicotine. 

The most obvious interpretation of these observa- 
tions would seem to be that nicotine is formed in 
the roots of N. glutinosa, then translocated to the 
shoot of the intact plant where some mechanism is 
present which converts it to nornicotine. The theo- 
retical basis for such an interpretation of the re- 
sults of grafting experiments has been presented 
in some detail elsewhere (Dawson, 1942, 1944; 
Peacock, Leyerle and Dawson, 1944). 

If the present interpretation is correct, however, 
it should be possible to interchange root systems of 
N. glutinosa and N. tabacum without resultant 
qualitative differences in the alkaloid composition 
of the respective shoots. Such, indeed, is the case, 
for, as was pointed out above, only nicotine occurred 
in the graft type N. tabacum scion on N, glutinosa 
stock, while both nornicotine (dipicrate m.p. 190- 
192°C. ; picric acid content found 75.6 per cent, 
theory 75.5 per cent) and nicotine occurred in the 
reciprocal combination (table 1). In like manner, 
when both N. tabacum and N. glutinosa shoots were 
grown on the same N. tabacum root, the N. tabacum 
shoot contained only nicotine, while the N . gluti - 
nosa shoot contained both nicotine and nornicotine. 
The root systems of both species are similar, there- 
fore, in that each may be regarded essentially as a 
nicotine donor. The sole distinction between them 
from the point of view of major alkaloid genesis 
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is the fact that morphologically the root system of 
A 7 . tabacum is larger and more extensive than that 
of A 7 , glutinosa and therefore might be expected to 
donate more nicotine to the aerial shoot which it 
serves. This is borne out by a comparison of the 
data representing the relative contents of nicotine 
and nornicotine in this type of reciprocal graft in 
table 1. 


vented or nicotine is converted into some other com- 
pound once it reaches the shoot of the intact plant 
of N. glauca. In an attempt to determine the nature 
of this interaction. A 7 , glauca shoots were grafted 
to N. tabacum roots in the hope that the potentially 
augmented supply of nicotine from the A 7 , tabacum 
donor might be reflected in a greater accumulation 
within the stock or ncion of either the end product 


Table 1. Alkaloid picrates isolated from various graft, combinations and hybrids. 


Description of sample 

X umber 
of plants 
sampled 

Dry 
weight 
of sample 

Picrates obtained* 

Xor- 

Nicotine nicotine Anabasine 



£• 

mg. 

mg. 

mg. 

Tomato on A. glutinosa (scions) 

4 

122.5* 

150 

0 

0 


4 

50 

358 

0 

0 

A. tabacum on N. glutinosa (scions) 

. .. 3 

550* 

1258 

0 

0 

A. glutinosa on tomato (scions) 

... 3 

340* 

0 

0 

X 0 

(scions) 

2 

50 

0 

0 

0 

(stocks) 

. . . ■' "2 


0 

0 

0 

A. glutinosa on A r . tabacum (scions) 

2 

374* 

1092 

240 

0 


3 

50 

492 

1128 

0 

A. glutinosa -j- N. tabacum on A. tabacum 

3 





N. tabacum scions 


50 

719 

0 

0 

A. glutinosa scions 


50 

027 

1218 

0 

A. glutinosa + tomato on N. glutinosa 

1 





Tomato scions 


10.5 

84 

0 

0 

A. glutinosa scions . . 

... i . 

52 

88 

1439 

' 0 

Intact A. glutinosa leaves 

1 

52,3 

100 

851 

0 

A. glauca on tomato (stocks) 

2 

387* 

0 

0 

0 

A. tabacum on A. glauca (scions) 

... 5 

50 

28 

0 

50 

A. glauca on N. tabacum (scions) 

3 

100 

0 

473” 

577 b 

(scions) 

1 

50 

29 

1075*’ 

880” 

(stocks) 

1 

' 225 * ■ 

1185 

0 

0 

Tomato on N. glauca on N. tabacum 

2 





Tomato scions 


9.5 

01 

0 

0 

A. glauca scions . . 


50 

0 

347” 

89 1” 

Tomato on leafless A. glauca on A. tabacum, ....... 






Tomato scions ............. — 

2 

18 

28 

0 

0 

Intact A. tabacum roots 

.... 3 


774 

0 

0 

A. tabacum X A. glauca (shoots) 

. . , . 12 

50 

93 

1 76” 

244” 

(excised root cultures) 

78 


57 

0 

9 

Tomato on A. tabacum X A. glauca (scions) 

. . . . 5 

50 

479 

0 

443 

A. tabacum X A. glauca on tomato (scions) ... 

2 

24.5 

0 

0 

9 

A, tabacum X A. glauca on A. tabacum (scions)... 

2 

23 

02 

371” 

8” 


* Fresh weight of sample. 

” Estimated amounts using the solubility-melting point method described herein. These figures are intended to give 
only relative approximations of the actual amounts of the two alkaloids that were present in the original samples, 

‘ Data on the occurrence of unidentified alkaloids are not included. 


Reciprocal grafts of Nicotiana glauca with N. 
tabacum. — -It has been shown earlier that N. glauca 
roots produce a little nicotine (Dawson, 1944), 
These observations have been confirmed in the pres- 
ent study by the isolation of both nicotine and ana- 
basilic from N. tabacum scions grown on N. glauca 
roots (table 1). This may be regarded as an ob- 
servation of unusual interest, since nicotine has not 
been encountered in intact plants of the strain of 
A 7 , glauca that is used in this laboratory. The sug- 
gestion is apparent that some type of interac- 
tion between alkaloid synthetic mechanisms occurs 
whereby either nicotine formation in the root is pre- 


or the diversionary product of nicotine metabolism. 
According to Shmuek, Kostoff and Borozdina 
(1939), Shmuck (1940), and Kuzmenko and Tikh- 
vinskaya (1940) this product should be anabasine. 

From 100 grains of dried N. glauca scions 0.5851 
gram of a yellow oily liquid was obtained which 
gave a yellowish opalescent suspension when placed 
in water. The aqueous suspension was reextracted 
with ether, the extract dried over anhydrous so- 
dium sulphate, and the ether removed by distilla- 
tion. The recovered alkaloid was then distilled in 
vacuo and collected as a water white condensate vi 
the second bulb of a mierosublimation tube. This 
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product dissolved completely in water to give a 
clear solution. The solution of the free alkaloids 
was laevorotatorv with a specific rotation [a] D of 
— 21.3°. Picric acid was added to one portion of 
the aqueous solution and from the resulting crys- 
talline product both nornicotine (dipicrate m.p. 
184.5— 186°C. :j ) and anabasine (impure dipicrate 
after five recrystallizations melted at 204-205 °C. 4 ) 
were obtained. The ratio of nornicotine to anaba- 
sine picrate in this sample as determined by the 
solubility-melting point method was approximately 
45 to 55. When treated with nitrous acid a subsam- 
ple of the mixed picrates was converted to the cor- 
responding non-steam-volatile nitroso compounds. 
A third subsample when methylated with formic 
acid and formaldehyde yielded nicotine dipicrate 
(m.p. 223-224° C., dec.) after two recrystalliza- 
tions. 

The above data strongly suggest that the pre- 
dominance of anabasine over nicotine in grafts of 
this type as reported by the Russian investigators 
(loc, cit.) is in reality a case of normal synthesis 
of their characteristic alkaloids by both stock and 
scion followed by a secondary conversion of nico- 
tine to nornicotine in the leaves of the scion. In- 
deed, these investigators did not employ methods 
which were capable of differentiating between ana- 
basine and nornicotine, nor did they apparently 
have reason to suspect the presence of the latter 
alkaloid. 

The above interpretation is, of course, subject to 
experimental test. If it is true that in such graft 
combinations nicotine is formed normally in the 
stock prior to its upward translocation, then an 
examination of these stocks should reveal the pres- 
ence of only nicotine. Such was found to be the 
case (table 1). Furthermore, if the N. glauca scion 
of this graft hybrid were to be in turn surmounted 
by a tomato scion, the latter should contain nothing 
but nicotine, while the underlying N. glauca tissues 
should contain principally nornicotine and anaba- 
sine. Again, this was found to be the case (table 1). 
The absence of nornicotine in the tomato component 
of the aerial shoot, incidentally, indicates that little 
or no transformation of nicotine occurred during 
its passage through the stem of N. glauca. A paral- 
lel experiment in which the N* glauca component 
was defoliated gave identical -results in that only 
nicotine appeared in the tomato component of the 
scion. 

As a final check against the possibility that ana- 
basine or some intermediate in alkaloid synthesis 
may have been translocated downward in these 
plants from the N. glauca scion to the N. tabacum 
root where it could conceivably interfere with the 

3 Probably contained a eutectic mixture with anabasine 
dipicrate (see above). 

* The criterion of purity here indicated is constancy of 
melting point through successive recrystallizations. The 
melting points of the crystalline products derived from 
successive recrystallizations in this case when plotted 
graphically approached £13°C. asymptotically. Insufficient 
material was available to permit further recry stallization. 


normal formation of nicotine, the following experi- 
ment was performed. A number of N. glauca scions 
were grown on tomato roots. When these reached a 
height of eight to ten feet, the tomato roots were 
separated from the scions and worked up for alka- 
loids. No anabasine could be detected with picric 
acid, and only a faint positive test was obtained 
with silicotungstic acid. 

It should be mentioned in connection with the 
origin of the nornicotine in the grafts between N. 
tabacum and N. glauca described herein that nu- 
merous attempts to obtain nornicotine from intact 
plants, both root and shoot, of this strain of N. 
tabacum have failed. 

Taken as a whole the evidence described above 
seems to demonstrate that anabasine production 
did not interfere in any detectable way with the 
production by the same plant of nicotine. Rather, 
the leaves of this strain of N. glauca must contain 
a mechanism similar to that in the leaves of N. glu - 
tinosa by means of which nicotine is converted to 
nornicotine following its deposition in the leaf cells. 
Repetitive experiments have shown no exception to 
this generalization regardless of the situations im- 
posed. For instance, scions of N. glauca grafted to 
the tops of mature, leafy plants of N. tabacum 
contained the same alkaloids in about the same rela- 
tive proportions as occurred in similar scions grafted 
to N. tabacum stocks at the ground line. 

Alkaloids in the hybrid N. tabacum X N, glauca. 
— There are many reports in the literature that 
hybrids of N. tabacum and of N. rustica (nicotine 
types) with N. glauca (anabasine type) produce 
anabasine in preference to nicotine in the Fx gen- 
eration (see Smith and Smith, 1942, for a review 
of this literature). With the exception of Smith 
and Smith (loc. cit.) none of the remaining investi- 
gators of this problem have utilized methods of 
isolation or analysis that could have revealed nor- 
nicotine in the presence of anabasine. Smith and 
Smith detected the presence of this alkaloid in the 
tissues of one of their hybrids. The significance of 
their observation, however, was not evident partly 
because they had also prepared a hybrid from an- 
other strain of N. glauca in which nicotine occurred 
in the place of nornicotine (see below). 

In the light of the data contained in the present 
paper on the production of alkaloids in reciprocal 
grafts of N. tabacum with N. glauca, it became a 
matter of some importance to reinvestigate the in- 
heritance of alkaloids in genetical hybrids between 
these species. Such hybrids were obtained by arti- 
ficial pollination utilizing N. tabacum as the female 
parent. Attempts to obtain the reciprocal cross 
failed. Both greenhouse cultures of the intact plants 
and sterile cultures of the excised roots were estab- 
lished, the latter according to the methods of White 
(1943). 

The leaves of the intact hybrid contained appre- 
ciable amounts of nicotine. This alkaloid was iso- 
lated both by the use of nitrous acid and by dis- 
tillation through the Widmer column. The non- 
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volatile alkaloids were converted to the picrates 
(m.p. 1 79-1 85.5 °C.). A portion of this preparation 
when recrystallized six times yielded impure ana- 
basine dipicrate'’ (m.p. 205-208 °C.). The mother 
liquors yielded nornicotine dipicrate* 3 (m.p. 1 82- 

185.5 °C.) and an intermediate fraction (m.p. 191- 

193.5 °C.). Methylation of a second portion of the 
crude picrate yielded pure nicotine dipicrate after 
two recrystallizations. The solubility-melting point 
procedure indicated a ratio of approximately equal 
parts of nornicotine and anabasine in the mixed 
picrates after two recrystallizations. 

The case for the occurrence of nornicotine is, 
therefore, clearly established. For further proof of 
the correctness of the interpretation of these ob- 
servations the following experiments were per- 
formed. 

Tomato scions were grafted to hybrid roots. 
When harvested these scions contained almost equal 
amounts of nicotine and anabasine. The anabasine 
was accompanied by small amounts of some im- 
purity (not nornicotine according to solubility- 
melting-point data) which was largely lost after 
two recrystallizations (m.p. 209-2 12 °C.). Con- 
firmation of these results was obtained from the 
working up of seventy-eight cultures of the excised 
roots of the hybrid. From the combined tissues and 
spent culture fluids there were again obtained only 
nicotine and impure anabasine (m.p. 1 99-200 °C.). 
The data for these experiments are contained in 
table 1. The theoretical basis for the expected coin- 
cidence between results obtained from excised root 
cultures and grafts involving tomato scions has been 
outlined elsewhere (Dawson, 1942a). 

From the reciprocal grafts (i.e., hybrid scions on 
tomato stocks) only an extremely small amount of 
anabasine was obtained. Neither nicotine nor nor- 
nicotine could be detected. 

Finally, if hybrid scions were grown on N. taba- 
cum roots, on the basis of the above information, 
there might be expected an accumulation of nicotine 
and nornicotine with only minute amounts of ana- 
basine. Such, indeed, was the case. According to 
the solubility-melting-point method the distribution 
of alkaloids in the non-volatile fraction was ap- 
proximately 98 per cent nornicotine and 2 per cent 
anabasine dipicrates after two recrystallizations 
(table 1). 

The critical information from the foregoing ex- 
periments is summarized in graphic form in fig- 
ure 2. 

Discussion. — The above evidence clearly demon- 
strates by all-or-none means that nornicotine arises 
in the leaves of various Nicotiana species at the ex- 
pense of translocated nicotine. In all cases reported 
herein, this nicotine came from the roots preformed. 
Hence, the synthesis of nornicotine is secondary in 
nature: no evidence has been obtained that any or- 

5 Melting points of successively recrystallized products 
approached 913 °C. asymptotically. 

6 Probably in part a eutectic mixture with anabasine 
dipicrate. 


gan of the plant is capable of carrying out a pri- 
mary synthesis of this alkaloid. The nature of the 
chemical mechanism by means of which nicotine is 
converted to nornicotine remains to be established. 
From a consideration of their respective molecular 
structures, however, the simplest explanation would 
seem to be that nicotine is acted upon in the cell by 
a transmethylating agent and a methyl acceptor. 
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Fig. 9. Accumulation patterns of alkaloids in graft com- 
binations and in hybrids. The alkaloids are listed in the 
order of their relative abundance in each case. 

Transmethylation reactions have been repeatedly 
suggested to explain the presence of certain com- 
pounds in plants (cf. Vickery, 1941). For the pur- 
pose of future experimentation in this laboratory, 
therefore, the following entirely hypothetical mecha- 
nism is proposed as a working basis : 

(enzyme system) 

Nicotine -f- RH ■ Nornicotine -f- R.CH 3 . 

Whatever the real nature of the system may be, 
however, certain of its properties are evident from 
the results of the present investigation and from 
the investigations of others. In those strains of 
N. glauca in which the mechanism is present, the 
overall reaction rate is apparently limited not by 
the supply of enzyme or of the hypothetical methyl 
acceptor, but by the very slow rate at which nico- 
tine is formed in the root and delivered to the 
shoot. Hence, in plants of this strain nicotine never 
accumulates in detectable amounts. On the other 
hand those strains of N . glauca which do not pos- 
sess the assumed transmethylating mechanism will 
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accumulate small amounts of nicotine. This would 
explain the apparently contradictory results ob- 
tained in this laboratory (Dawson, 1944) and by 
Smith and Smith (1942) regarding the presence or 
absence of nicotine in intact plants of this species 
(see above). In the case of N, glauca scions on -N. 
tabocum roots, however, the rate of delivery of nico- 
tine to the leaves is relatively more rapid and may 
result in the saturation of the reaction mechanism. 
Such an explanation may also be extended to the 
accumulation of nicotine and nor nicotine in the hy- 
brid N. tabacum X N. glauca , in N. glutinosa, in 
hybrids of N. glutinosa with N. tabacum (Smith and 
Smith, 1942), and in grafts of N. glutinosa with N. 
tabacum. In other words, the system which is re- 
sponsible for the transformation of nicotine to nor- 
nicotine possesses a limited operating capacity. 

A second attribute of the mechanism is that it is 
inheritable. Such inheritance, indeed, accounts satis- 
factorily for the predominance of nornicotine in hy- 
brids between nicotine and nornicotine types (Smith 
and Smith, loc. cit.). With regard to the inheritance 
of alkaloids in hybrids between N . glauca and N. 
tabacum, Smith and Smith have summarized the re- 
sults of their own and of certain Russian investiga- 
tions. In those instances in which studies with such 
hybrids had been carried beyond the first genera- 
tion, segregation occurred in such a manner that 
some offspring were found that contained only nico- 
tine, some only “anabasine”, and some both alka- 
loids in various proportions. No obvious Mendelian 
ratios were encountered. The present work makes 
it clear that what was inherited and segregated in 
these experiments was a mechanism contained in the 
leaves which converted nicotine to nornicotine. It is 
important to stress the fact that the initial forma- 
tion of nicotine was not suppressed. 

Smith and Smith (1942) also bring up the inter- 
esting matter of the relationship of alkaloid inherit- 
ance to the identity of the wild progenitors of N. 
tabacum . According to these authors (cf. also Good- 
speed, 1934), N. tabacum is thought to be derived 
by amphidiploidy from an Fj hybrid between N. 
sylvestris and N. tomentosa or N. tomentosiformis , 
all of which in the wild state produce predominantly 
nornicotine. The problem of explaining the develop- 
ment of a nicotine containing species from such a 
combination when nornicotine production is known 
to predominate in all artificially prepared hybrids 
thus far described has been difficult. The results 
of the present investigation would seem to make an 
explanation possible. In the first place, since the 
nature of the inherited character is now more clearly 
understood, it becomes necessary only to postulate 
that during the long period of time in which N . taba- 
cum has been cultivated growers have selected 
strains that have lost the transm ethylating mecha- 
nism. The loss may have occurred by degrees rather 
than abruptly. The recent discovery by Markwood 
(1940) that certain Maryland tobaccos which have 
been selected for their low nicotine content had 
developed compensating concentrations of nornico- 


tine up to 95 per cent of the total alkaloid content 
may be important in this connection. If this particu- 
lar case of segregation can be viewed as a possible 
reversal of the Original processes of selection by 
means of which the high nicotine types were once 
obtained, then it also becomes possible to suggest 
that N. tabacum may at one time have contained 
largely nornicotine rather than nicotine as at pres- 
ent. The parallel existence of two strains of N. 
glauca with respect to the presence or absence of 
the transformation mechanism (see above) is also 
a case in point. The fact that N. tabacum contains 
higher concentrations of alkaloid than do its wild 
progenitors may be simply a consequence of its poly- 
ploid state. In this connection it is interesting that 
the absence of one chromosome complement of N. 
tabacum in the hybrid used in the present study re- 
sulted in a reduction in the quantity of nicotine pro- 
duced by the roots, and the absence of one chromo- 
some complement of N. glauca resulted in a decrease 
in the amount of anabasine produced in the shoots 
(cf. Gain, 1944, p. 21). 

Aside from the origin of nornicotine in Nicotiana, 
the present investigation has also shown that there 
is no valid evidence in favor of the existence of a 
mechanism by means of which anabasine formation 
may predominate over the formation of nicotine. In 
all cases, as has been pointed out above, such as- 
sumed interactions can be explained on the basis of 
the accumulation of nornicotine and the confusion 
of this alkaloid with anabasine. Hence, hybrids be- 
tween N. tabacum and certain strains of N . glauca 
are of interest largely because they contain within 
one and the same plant body mechanisms for the 
synthesis of appreciable amounts of all three of the 
major Nicotiana alkaloids. 

Finally, the true nature of alkaloid accumulation 
in three representative species of Nicotiana, taba- 
cum, glauca and glutinosa, with respect to nicotine, 
anabasine and nornicotine may be outlined. From the 
point of view of the occurrence of specific alkaloids 
it is seen that nicotine is produced in the roots only 
of all three species. Anabasine is produced in both 
root and shoot of N. glauca . Nornicotine is produced 
in the leaves of N. glutinosa and in the leaves of 
some strains of N. glauca and of N. tabacum, always, 
however, at the expense of preformed nicotine. It 
should be noted, therefore, that either nicotine or 
nornicotine is to be considered as a normal constitu- 
ent of N. glauca depending upon the particular 
strain under consideration. Such conclusions strik- 
ingly demonstrate the fundamental unity of alkaloid 
synthesis within the genus Nicotiana. 

From a broader point of view, the following gen- 
eralizations may now be made concerning produc- 
tion and accumulation of alkaloids (see also Pea- 
cock, Leyerle and Dawson, 1944). 

1. The synthetic mechanism for an alkaloid may 
be localized in a single organ of the plant body, 
although this is not always so. 

2. When synthesis is so localized the newly formed 
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alkaloid may be transported to other portions of the 
plant body. 

3. Transport of the alkaloid may be followed by 
accumulation at some distance from the point of 
initial origin. 

4. Transport of an alkaloid may be followed by 
secondary chemical modifications when the alkaloid 
molecules are delivered to cells containing the neces- 
sary mechanisms. 


the literature, anabasine production does not pre- 
dominate over nicotine production in the hybrid 
N. tabacum X N. glauca. Rather, nicotine is pro- 
duced in the roots as might be expected, translocated 
to the leaves, and there converted to nornicotine. 
Failure to differentiate between nornicotine and ana- 
basine in mixtures of the two is shown to account 
for the earlier erroneous reports. The same conclu- 
sion is shown to apply to alkaloid accumulation in 


Although the limited foundation upon which these 
generalizations are built precludes their immediate 
extension to the production of alkaloids outside the 
Solanaceae, it is obvious that their practical conse- 
quence in the design of experiments aimed at obtain- 
ing such information is great indeed. In this labora- 
tory they are being put to such use in an investiga- 
tion of alkaloid production and accumulation in the 
genus Cinchona. 


SUMMARY 


Alkaloid accumulation patterns in graft combina- 
tions involving N. tabacum, N. glauca, N. glutinosa 
and tomato and in the hybrid N. tabacum X N. 
glauca have been investigated. 

It has been found that nornicotine is produced 
only in the plant leaf and at the expense of nicotine. 
This is taken to mean that, insofar as the three major 
Nicotiana alkaloids are concerned, only nicotine and 
anabasine are produced by total synthesis in situ. 
Nornicotine production is definitely secondary in 
nature. 

It has been shown that, contrary to all reports in 


N. glauca scions grown on N. tabacum stocks. The 
demonstration in this case that normal and predict- 
able patterns of alkaloid synthesis and accumula- 
tion prevail removes the necessity for explaining the 
results of grafting experiments by recourse to other 
than well-recognized biological and biochemical 
principles. 

It has been shown that existing data in the litera- 
ture concerning the inheritance of Nicotina alka- 
loids in interspecific hybrids other than those dis- 
cussed above can be readily explained by postulating 
the inheritance of a mechanism for the conversion of 
nicotine to nornicotine in the leaves. It is suggested 
that this mechanism is concerned with a transmethy- 
lation reaction. 

Finally, a completed picture of alkaloid produc- 
tion, translocation, accumulation and transformation 
with respect to nicotine, nornicotine and anabasine 
in N. tabacum, N. glauca and N. glutinosa is given. 
The inherent unity in these processes is indicated. 


Department of Biology, 
Princeton University, 
Princeton, New Jersey 
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MORPHOGENESIS OF FUNGUS COLONIES IN SUBMERGED SHAKEN 

CULTURES 1 

Paul R. Burkholder and Edmund W. Sinnott 


When grown in liquid media, many kinds of mi- 
croorganisms, such as bacteria and yeasts,, come to 
be distributed throughout the milieu, and thus the 
various nutrient materials in solution are made gen- 
erally accessible to fermentative action. Molds, how- 
ever, commonly develop floating mats of mycelium 
in stationary fluid media, the upper surface of the 
fungus body being exposed to the atmosphere and 
the lower surface lying in contact with the liquid. 
The investigations of Kluyver and Perequin (1933) 
clearly demonstrated the advantages of aeration and 
mechanical agitation in the cultivation of such 
molds. They observed in shaken cultures of Asper- 
gillus flams the production of numerous discrete 
“Mycelkiigelchen” distributed throughout the me- 
dia. By employing shaken cultures they demon- 
strated the possibility of producing large amounts 
of cell material with high metabolic activity , in large 
volumes of nutrient media, and in a relatively short 
time. Since then numerous investigations have dealt 
with various aspects of the submerged growth of 
molds exhibiting characteristic fermentative activity 
throughout large volumes of media. The results of 
such studies are evidenced by the present-day meth- 
ods for commercial production of numerous impor- 
tant metabolic products of bacteria, yeasts and 
molds. Current techniques employed in maintaining 
satisfactory distribution of microorganisms in sub- 
merged culture include the use of forced aeration, 
revolving drums, mechanical stirrers, and rotating 
or oscillating shakers (see Prescott and Dunn, 
1940; Herrick, Hellbach and May, 1935). Large 
1 Received for publication April 9, 1945, 


scale operations of this type include the production 
of alcohols, acetone, various organic acids, penicillin, 
and numerous other compounds. 

Unlike molds cultivated in stationary liquid media 
which generally produce flat floating masses, fungi 
grown in agitated culture commonly form numerous, 
small, discrete colonies which are continuously 
moved about in the medium. The size, shape, and 
surface features of these “planktonic” fungus pel- 
lets vary with their genetic constitution, and their 
development is modified to a considerable extent by 
special environmental conditions. Some observations 
on the development of submerged colonies of a num- 
ber of representatives of the several classes of fungi 
are reported in the present paper, together with a 
brief discussion of the morphogenetic significance of 
the results. 

Materials and methods. — Pure cultures of 
fungi obtained from various collections, or isolated 
from nature, were grown in liquid media in Erlen- 
meyer flasks on shaking machines. The shakers were 
of the type which cause the media to perform a con- 
tinuous rotary or an oscillatory motion. The speed of 
shaking was adjusted by means of reduction gears 
and pulleys to about 100 complete cycles per min- 
ute. The cultures were grown in a darkened room, 
and the temperature was kept at approximately 
25 °C during the growing periods, which varied in 
length up to two weeks. Fifty milliliters of medium 
contained in each cotton-stoppered 125 ml. flask 
were sterilized by autoclaving at 15 pounds for 15 
minutes. Inoculation was accomplished with a sterile 
wire loop by transferring small portions of my- 


Table 1 . Composition of nutrient solutions used for fungi. 


Constituents 

Synthetic medium 

Yeast extract 
medium 

Czapek corn- 
steep medium 

NaN0 3 



2.0 gm. 

1.0 gm. 

0.5 gm. 

0.5 gm. 

kh 2 po 4 

. . 1.5 urn. 


KC1 



Mgso 4 m,o 





Fe£0 4 

Glucose 

Corn-steep liquor 
Yeast extract . . . 

Asparagine 

Trace elements . 
Thiamine . HC1 . 
Pyridoxine . HC1 

Niacin 

Ca pantothenate 

Inositol 

Biotin 

Distilled water . 


4.0 gm. 
see footnote 11 

200.0 microgm. 

200.0 microgm. 

200.0 microgm. 

200.0 microgm. 

10,000.0 microgm. 

2.0 microgm. 
To make 1 liter 


To make 1 liter 


To make 1 liter 


11 Trace elements were added to this medium in p.p.m. as follows: B, 0.1; Mn, 0.01 
Cu, 0.01 ; Mo, 0.01 ; and Fe, 0.05. . .. . : , ■ ; . v 
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celium or groups of spores from agar slant cultures. 
Three kinds of media were employed: (a) synthetic 
medium, (b) yeast extract medium, and (c) Czapek’s 
nutrient supplemented with corn-steep liquor. The 
composition of each of the media used is shown in 
table 1. 

When the cultures had attained satisfactory 
growth, typical colonies of each species were re- 
moved for observation under a binocular micro- 
scope. For purposes of making photographic rec- 
ords, colonies were floated in water, illuminated uni- 
laterally with two spotlights, and photographed 
with a 72 mm. microtessar lens on process film. A 
few photographs were made at higher magnifica- 
tion with microscope objectives and a series of ocu- 
lars. Some young stages were mounted in lacto- 
phenol, and a few colonies were imbedded in paraf- 
fin, sectioned with a microtome, and stained with 
carbol-fuchsin. 

Results. — Variation among species, — The gross 
morphology of approximately 150 species of fungi 
was observed in shaken submerged cultures. Rapid 
growth of most of these fungi was found to occur in 
yeast extract medium; hence this nutrient solution 
was employed in the general study of the develop- 
ment of colonies. Some of the differences in external 
appearance of selected species is illustrated in figure 
1. Considerable variation was observed in the char- 
acter of the colonies. Some developed a smooth sur- 
face, others were markedly hirsute; some were com- 
pactly organized, others loosely held together or en- 
tirely lacking in colonial organization. The texture 
of the colonies was often sponge-like, yielding to 
pressure with exudation of capillary liquid held in 
the intermycelial spaces. Upon removing mechani- 
cal pressure, the original spheroidal form was often 
restored and liquid was again taken into the capil- 
laries between the elastic strands of intertwined 
mycelial threads. The form of the colonies generally 
was globose, although in some species there was con- 
siderable departure from the usual spheroidal shape. 
A strain of Neurospora crassa known as “Star” de- 
veloped irregularly-branched colonies, and showed 
no tendency to form spheres (fig. 1, no. 14). Many 
species of Fusarium tended to be very poorly or- 
ganized, the mycelium breaking into small frag- 
ments. Several species of Fusarium , however, were 
observed to form globose colonies, e.g., Fusarium 
niveum (fig. 1, no. 11). Many species of fungi de- 
veloped branching strands of mycelium which radi- 
ated loosely from a common center. 

Except in the genus Fusarium , only a few kinds of 
fungi appeared unable to organize definite colonies, 
e.g,, Phomopsis vexans (fig. 1, no. 19), Cercospora 
apii, and V erticillium albo-atrum . In some instances, 
colonies of irregular form showed evidence of pos- 
sessing more than one center of growth, as for ex- 
ample certain cultures of Basidiobolus ranarum (fig. 
1, no. 1) and Penicillium roqueforti . Globose colo- 
nies with almost smooth surfaces were formed by 
Basiodiobolus ranarum, Fusarium solani, and Peni- 


cillium brevicaule. Somewhat less smooth in appear- 
ance were the colonies of Agaricus campestris (fig. 

1, no. 5), Aspergillus flaviceps, A. giganteus, A , och- 
raceus (fig. 1, no. 3), A. versicolor, Chaetomium ca- 
prinum, C. olivaceum , Cunninghamella Bainieri, 
Gliocladium roseum, Morchella crassipes, Myceli- 
ophthora lutea, Poria undora, Trametes heteromor - 
pha, etc. Colonies which to the naked eye appeared 
to be covered with short hair-like projections include 
such species as Absidia glauca. A, spinosa, Asper- 
gillus ochraceus , A. terreus, A . Wentii , Dactylium 
dendroides, Guignardia bidwelli, Lenzites trabea, 
Macrosporium sarcinae forme, Penicillium chryso - 
genunij P. camemberti, Phycomyces Blakesleeanus 
(fig. 1 , no. 4), Pleurotus corticatus , Poria subacida, 
Rhizopus oryzae, Trametes serialis, etc. Species 
which tended to produce long hair-like radiating 
hyphae over the surface of the colonies are the fol- 
lowing: Gephalosporium ulmi, Fomes pinicola, Hy- 
pholoma fasciculare , Gibberella saubinetii (fig. 1 , 
no. 15), Polyporus sulphureus, Sordaria fimicola, 
etc. In some species the colonies were composed of 
very loosely organized radiating hyphae, e.g., Coni- 
diobolus Brefeldiamus, (tig. 1 , no. 17) and an un- 
identified marine mold. The general appearance of 
three species of marine molds is shown in figure 2, 
numbers 17, 18, and 19. The tendency to form one 
large irregular mass was observed in Mucor griseo - 
cyanus, Mucor racemosus, Rhizopus suinus, Zygor- 
hynchus vuilleminii, and Zygorhynchus Dangeardii. 
The very rapid growth made by these fungi may ex- 
plain the coalescence of the entire growth into one 
fungus body. Small inocula of these species in larger 
volumes of nutrient solution might permit the devel- 
opment of discrete colonies. Although there are nu- 
merous exceptions, it is apparent that essentially 
spherical colonies with various types of surface fea- 
tures represent a common pattern of development in 
the submerged growth of numerous species belong- 
ing to widely different taxonomic groups. 

Internal structure of the colonies . — The tissue 
structure of the colonies was generally prosenchy- 
mal with somewhat varied texture, the hyphae being 
loosely arranged or closely packed together. Most 
species formed relatively loose prosenchyma con- 
sisting of branched hyphae radiating outward from 
the original center of growth, and with large, con- 
tinuous, intercellular spaces filled with culture fluid. 
Generally the outermost region was composed of hy- 
phae intertwined so as to form a kind of toughened 
cortex. Only rarely was this cortex differentiated as 
a pseudoparenchyma, 

A transection and an external view of a species of 
Mucor shown in figure 2, numbers II and 12, illus- 
trate the usual appearance. In this median section, 
cut at 120 microns with a microtome, the central re- 
gion of the colony is seen to consist of closely packed 
hyphae which exhibit great affinity for carbol-fuch- 
sin. The flat disc of aerial mycelium which was the 
original inoculum is evident in the central deeply j 
stained core which had early grown into the form of j 
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a sphere. The greater part of the volume of the 
colony consists of loosely woven hyphae, surrounded 
on the outside by a cortex. With the exception of the 
dense central core, which is usually absent from 
colonies of many species of fungi, this cross sec- 
tional view is fairly typical of the colonial structure 
of molds grown in submerged culture. Further ob- 
servations were made on the internal colonial struc- 
ture of a number of species, using freehand sections 
and paraffin sections, and also by dissecting the colo- 
nies with needles under a low power binocular mi- 
croscope. 

In general the fungi which were grown in shaken 
culture for periods up to 10 or 14 days are charac- 
terized by vegetative growth, few species showing 
any reproductive structures. Reproduction by spores 
was observed, however, in Alternaria solani (fig. 1, 
no. 20), Aspergillus niger, and Penicillium roque- 
forti . The colonies of Alternaria and Aspergillus 
turned black, and the mold from roquefort cheese 
developed colonies colored deep green by the spores. 
Typical spore clusters of A . niger were distributed 
at random throughout the interior of the colony, and 
the spores apparently were discharged into the in- 
tercellular spaces. 

The texture of many species was very tough. 
Others like Phy corny ces Blakesleeanus appeared to 
be held together weakly. The loosely woven strands 
of this species tended to stretch and part irregularly 
when subjected to violent shaking at increased 
speeds. Under ordinary conditions of shaking these 
parted fragments continued their growth and de- 
veloped into globose colonies. Although nearly all 
species included in this study were white or light 
gray in appearance, in a few the formation of vari- 
ous pigments, yellow in certain strains of Phy - 
comyces and in other genera, orange and purple in 
species of Fusariurn and in Chaetomium , was very 
striking. Strong odors were occasionally observed in 
certain species. 

Developmental history of shaken cultures. — For 
the purpose of determining progressive stages in the 
development of form, the well known Penicillium 
notatum was selected for special observations at dif- 
ferent periods of time. Groups of spores were inocu- 
lated into three kinds of media, and after various in- 
tervals samples were taken for study. Some selected 
photomicrographs shown at the top of figure 2, num- 
bers I~7, indicate the appearance of the sporelings, 
and young and old colonies which developed in 
Czapek corn-steep medium. The photograph num- 
bered 1 was taken about 8 hours after inoculation, 

2 after about 18 hours, 3 after 24 hours, 4 and 5 on 
the second day, 6 on the 6th day, and 7 after 10 days. 
Growth and development of colonies takes place 
rapidly from the germination of a cluster of spores. 
In P. notatum, the germ tubes radiate outward from 
the group of spores and soon are held together firmly 
by the interlacing branched mycelium. Penicillium 
and other molds were observed to grow into spheres 
as large as one inch or more in diameter under con- 
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ditions where ample volumes of medium were em- 
ployed for cultivation of relatively few colonies. 

Spherical colonies also develop regularly from 
single spores, but the time required for their ap- 
pearance is somewhat longer than in the case of 
colonies derived from groups of spores. The germi- 
nating single spore develops a filamentous germ 
tube. The strict axial form of the sporeling due to 
its strongly polarized growth is soon changed to a 
pattern of branching hyphae which results in the 
production of a plant body spheroidal in form. This 
globose mass of radiating hyphae then follows the 
general sequence of development outlined above for 
colonies which arise from groups of spores. 

The influence of delayed shaking on the form of 
the colonies is illustrated by two, species of Penicil- 
lium. Czapek corn-steep medium was inoculated 
with spores of fungi and some flasks were placed on 
the shaker immediately, while others were kept sta- 
tionary for a period of about 15 hours until after 
spore germination had occnrred and growth of the 
mycelium was well advanced. The latter were then 
placed on the shaking machine and all were sub- 
jected to continuous shaking for 6 days. The influ- 
ence of delay in the beginning of shaking is showm 
by the irregularly formed colonies of P. notatum in 
figure 2, number 9. Colonies formed in the same me- 
dium shaken from the time of inoculation are 
spherical in form (fig. 2, no. 6). Another species, P. 
commune , formed hirsute spheres in continuously- 
shaken culture (fig. 2, no. 15) and irregular colonies 
in cultures subjected to delayed shaking (fig. 2, no. 
16). It appears that early growth of a sporeling or 
groups of sporelings, when in still culture, may pro- 
duce so irregular a pattern that during subsequent 
shaking a regular globose form is not developed. 
Perhaps organization of spheres would occur even- 
tually if growth of these irregular colonies were al- 
lowed to progress over a much longer time. These 
observations indicate that form of colonies is deter- 
mined, at least in some instances, in comparatively 
early stages of development. 

Effect of environmental conditions . — The pro- 
duction of varied features of texture and surface in 
globose colonies of fungi in shaken culture was in- 
vestigated briefly in relation to the composition of 
the medium, as represented in the three types of cul- 
ture solutions listed in table 1. A fact thus far ob- 
served only in a limited number of molds is illus- 
trated by two examples in the genus Penicillium . P. 
notatum grown in shaken culture for ten days differs 
strikingly in two different kinds of media, as shown 
in figure 2, numbers 7 and 8, for rough colonies were 
produced in Czapek corn-steep medium and com- 
paratively smooth ones in synthetic medium. Peni- 
cillium digitatum produced loosely-organized, my- 
celioid colonies in yeast extract medium (fig. 2, no. 
13), and relatively compact spheres in Czapek corn- 
steep medium (fig. 2, no. 14). Whether these ob- 
served differences in development are to be attrib- 
uted to differences in physical conditions or cliemi- 
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cal constituents of the different media is not known. 
It seems clear, however, that specific texture and 
surface features of colonies produced in submerged 
culture depends, in some instances, upon properties 
of the medium. 

Several species of fungi were grown in stationary 
culture as deep colonies enclosed in nutrient agar 
in large Petri dishes. The form in these cases was 
globose with typical radiating hyphae and a gen- 
eral appearance similar to that of shaken colonies. 
This fact, which is familiar to experimental my- 
cologists, indicates a relation between uniform 
chemical environment and the development of glo- 
bose colonies of molds. 

The influence of temperature changes upon inter- 
nal differentiation was observed in a few species. 
Growth was allowed to take place at 25 °C on the 
shaking machine for 48-hour periods alternating 
with 48-hour periods when the cultures were kept 
stationary at 0°C. This treatment resulted in the 
formation of alternating spherical shells of loosely 
and of compactly developed mycelia as the colony 
increased in size under favorable temperature con- 
ditions and ceased growth during periods of sub- 
jection to low temperature. Enlargement of the 
colonies appears to take place by outward growth 
of the hyphae in the peripheral regions. A freehand 
median section, unstained, taken through a living 
colony of Neurospora sitophila illustrates the gen- 
eral appearance of the alternating zones (fig. 2, no 
10). Shaken cultures of Penicillium chrysogenuvi 
which had developed typical globose colonies were 
allowed to grow for one day under stationary con- 
ditions. The free-floating colonies then showed very 
rapid radial growth at the surface so that the ap- 
pearance became similar to that shown in figure 1, 
number 16 for a species of Chaetomium. Shaking 
was then resumed for two more days, and a more 
firm texture was again produced in the cortical re- 
gion of the colonies. Freehand sections through 
these colonies revealed alternating zones of com- 
pactly and loosely developed tissues. It seems prob- 
able that fluctuation of any environmental factor 
which affects the rate of growth might be expected 
to produce some modification in the internal pattern 
of development. 

Discussion. — The fact that molds when grown 
in shaken culture form essentially globose colonies 
and that these differ in character in different types 
and under various environmental conditions pre- 
sents a number of interesting morphogenetic prob- 
lems. 

The spherical form is found occasionally in al- 


gae, as in Gloeotrichia, Rivularia, Volvox and some 
species of Cladophora. In fungi it occurs in many 
sporangia (Mucorales and others) and sometimes 
in larger aerial fructifications, as in the puffballs. 
In such cases it seems to result from turgor in a 
body bounded by a firm membrane or rind. The 
spheres described in the present paper, however, 
seem to be in quite a different category. Although 
the colony as a whole is globose, the individual hy- 
phae, at least in most cases, are freely exposed to 
the medium, and there is no special differentiation 
of the outermost layer into a definite tissue. These 
facts indicate that the spherical form here is not a 
least-surface phenomenon. 

Two other possible explanations for it suggest 
themselves. The spheres may be the result of con- 
stant mechanical contacts between the colonies and 
their neighbors or the sides of the flask. This would 
be plausible if all species showed the firm, smooth 
surface of P. notatwn as shown in figure 2, number 
8. In many, however, the colony consists of delicate 
hyphae, even at the surface, and could hardly have 
reached this form as the result of long-continued 
battering. That abrasion is sometimes effective in 
producing a smooth surface is shown in figure 2, 
number 20, a large colony of Phoma terrestris, in 
which tufts of hyphae on part of the colony were 
apparently unable to develop because of friction 
against the walls of the culture vessel. It is note- 
worthy that the spherical form begins very early, 
when the colony consists simply of a group of radi- 
ating hyphae (fig. 2). Perhaps thigmotropic stimu- 
lation may be a more important factor than simple 
mechanical contact, and by producing equal growth 
over the whole mycelial surface may lead to the for- 
mation of spherical masses. 

Another hypothesis seems more in accord with 
the facts, namely that the spherical form is simply 
the result of equal growth in all directions, due to 
the elimination of orienting factors in the environ- 
ment, as a result of shaking, which under these con- 
ditions are no longer able to act in a unilateral fash- 
ion on the colony. In the absence of such factors, 
any growing organic system* will tend to become 
spherical. That so few plant forms are spheres is 
testimony to the importance of such factors in de- 
velopment. The mycelium in still culture, growing 
as a flat plate near the surface of the medium, is ex- 
posed to the unilateral action of a number of these 
factors. These would be eliminated or neutralized 
by shaking. 

One such factor is gravity. The rolling and tum- 
bling mycelial colonies are being continually 


in Czapek corn-steep medium; no. 8 illustrates the appearance of smooth colonies of P. notatum grown in synthetic 
nutrient; no. 9 illustrates the effect of delayed shaking on P. notatum; no. 10 is a median section through a globose 
colony of N. sitophila which had been subjected to alternating conditions .; no. 11 is a section through a colony of Mu- 
cor (no. 12 is the exterior) showing some structural differentiation of the vegetative mass; no. 13, P. digitatum grown 
in yeast extract medium, and no. 14, the same species in Czapek corn-steep medium; no. 15, P. commune grown in 
continuously shaken medium and no. 16 in the same medium shaken only after the first 15 hours; nos. 17,^18, 19, 
some marine molds grown in yeast extract solution; no. 20, Phoma terrestris colony showing smooth areas resulting 
from friction against the walls of the culture vessel. 
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changed in their orientation to gravity, just as 
though they were on a clinostat, revolving not on a 
single axis but on a universal joint. Filamentous 
fungi in many cases show geotropic reactions, and 
it is possible "that the flat mycelial mass in still cul- 
ture mkv owe its form, in part at least, to gravity. 
The development of globose colonies in deep agar 
in still cultures, however, suggests that gravity is 
not a determining factor of primary importance. 

Other orienting factors which shaking would 
largely eliminate are chemical gradients of various 
sorts. A still culture has much more ready access to 
oxygen on its upper than on its lower surface. Dif- 
ferences in concentration of nutrilites, resulting 
from absorption at the hyphal surfaces, would 
largely disappear with shaking, a fact which seems 
to be responsible for much of the increased growth 
in stirred or shaken cultures. Gradients in metabolic 
products given off by the hyphae would also be 
minimized. The importance of chemical gradients in 
the orientation of growth in lower plants has fre- 
quently been shown, as in the effect of pH gradients 
on the direction of rhizoid formation in the germi- 
nating Fucus egg (Whitaker and Lawrance, 1937). 

A third orienting factor which shaking might re- 
move is the unequal distribution of materials within 
the. cells themselves. How much these materials 
might be affected by shaking would depend on the 
viscosity of the cytoplasm and other factors, but the 
ease with which many visible substances in cells 
may be moved about by centrifugation suggests that 
the vigorous agitation to which these hyphal cells 
have been subjected may well result in a more uni- 
form distribution of their contents, including those 
substances which are active in determining the di- 
rection of growth. The more subtle details of cy- 
toplasmic structure itself, which apparently control 
the direction of movement of hormones and similar 
materials, might also be altered by shaking. 

To determine which of these factors are the ones 
eliminated by shaking, and whether there are others, 
will require further experiment. It should be pos- 
sible, for example, to grow a mycelial colony on 
agar rotated on a clinostat to determine the effect 
of gravity. Colonies implanted on the surface of 
firm agar and then continuously shaken might affect 
the distribution of materials within the cells and 
thus throw light on the importance of such distribu- 
tion in producing oriented growth. 

The factors here discussed are general and non- 
specific. If they were the only ones concerned in 
the form of the mycelial colony, these colonies would 
all look alike. The many differences in color, sur- 
face and texture, however, are very evident from a 
comparison of the illustrations in figures 1 and 2. 
Apparently there are other factors operating here 
than the simple non-specific ones previously men- 
tioned. The cells themselves are different in the dif- 
ferent species. These differences presumably origi- 
nate in the living material and are genetic in char- 
acter. They are expressed directly in such qualities 


as color, surface and texture, which do not depend 
on orienting factors in the external environment. 

Specific differences among these fungi in the 
form of the colony when grown in still culture are 
not conspicuous, since the colony is a loosely or- 
ganized thalloid mass. Other organisms, however, 
such as many algae, have attained definite forms of 
body or colony and can be cultured in the manner 
here described. It would be instructive to grow 
some of these in shaken culture to find what altera- 
tion in form might result. 

The technique of shaking should thus prove a 
useful morphogenetic tool for the study of any or- 
ganic structure whch can be grown in liquid media. 
By its means the organism or colony is exposed on 
all sides equally to various factors in the external 
environment and its growth can be compared with 
normal stationary individuals upon which these fac- 
tors act only in a unilateral fashion. Many charac- 
ters seem to be due to specific reactions of the or- 
ganism to such orienting factors and these charac- 
ters can be identified as the ones which are radically 
altered when growth occurs under equal exposure 
to environmental factors. Differences which persist 
in shaken cultures (as surface characters in the 
types shown in figure 1) are evidently determined 
without regard to orienting or unilateral factors in 
the external environment. Some of these may be due 
to the general character' of the external environ- 
ment (apart from its orienting effect) as in the dif- 
ference between Penicillium notatum grown in Cza- 
pek corn-steep medium and in synthetic medium 
(fig. 2, nos. 7 and 8) and between Penicillium digi- 
tatum grown in yeast extract medium and in Czapek 
corn-steep medium (fig. 2, nos. 13 and 14). Still 
other characters may be due strictly to factors in 
the internal environment alone, presumably con- 
trolled more directly by the genetic constitution of 
the nuclei. 

Every organic trait is the result of a reaction be- 
tween the genetic makeup of an individual and its 
environment. The advantage of the use of shaken 
cultures with liquid media of various types is that 
by this means it is possible to distinguish three 
types of such reactions: (1) reactions to unilateral, 
orienting factors in the external environment (such 
as gravity, unilateral light and chemical gradients) ; 
(2) reactions to general or unoriented factors in the 
external environment to which the organism is ex- 
posed equally on all sides (such as particular tem- 
peratures, chemical substances and quality of 
light); and (3) reactions to factors in the internal 
environment alone (such as hormones, enzymes and 
other substances controlled directly by gene ac- 
tion). The specificity of the reaction in each type 
would depend on the genetic constitution of the or- 
ganism. Ability to disentangle these three types of 
interaction between the developing organism and 
its environment would be of great usefulness in 
gaining a clearer understanding of morphogenetic 
mechanisms. 


July, 1945 ] 


HANSON SAPROPHYTIC CHYTRIDS 


431 


SUMMARY 

Observations were made on the development of 
submerged colonies in shaken cultures of about 150 
species of fungi grown in three kinds of nutrient 
solution. In still cultures, most fungi form mats of 
mycelium floating at the surface of the nutrient 
solution ; but in agitated cultures, they develop dis- 
crete globose colonies which commonly possess 
characteristic metabolism, color, texture, and sur- 
face features. The tissues of these colonies are 
usually prosenchyma, elastic, and sponge-like, with 
fluid filling the interhyphal spaces. Typical colonies 
may develop from germinating single spores or 
groups of spores, from fragments of mycelium, or 
from whole perithecia, etc. Polarized growth of 
sporelings gives way in early stages of development 
to branched hyphae which continue to grow out- 
ward and intertwine in such a way as to form a glo- 
bose body. The developmental history of Penicil- 
lium notatum was studied at various stages of 
growth from spore germination to the formation of 
large colonies. The rate of growth, texture, and 
characteristic surface features of fungus colonies 
varied considerably with differences in composition 


of the medium. Alternating temperature, and inter- 
mittent shaking resulted in the development of al- 
ternating zones of different texture. Delayed shak- 
ing resulted in the formation of colonies with irreg- 
ular shape. 

It is suggested that the development of spherical 
colonies results from their equal exposure on all 
sides to various factors, such as gravity and chemi- 
cal gradients, which in still culture would be uni- 
lateral in incidence and effect. The genetic constitu- 
tion of an organism, as illustrated by these plants, 
evidently reacts specifically to three types of envi- 
ronmental influences: (1) external factors to which 
it is exposed on one side more strongly than on the 
other and which thus tend to produce oriented or 
unsymmetrical growth; (2) external factors to 
which it is exposed equally on all sides but which 
by differences in character or quality produce di- 
verse effects; and (3) factors in the internal envi- 
ronment more immediately under genic control and 
relatively independent of external influences. 

Department of Botany, 

Yale University, 

New Haven, Connecticut 
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A MORPHOLOGICAL, DEVELOPMENTAL, AND CYTOLOGICAL STUDY OF FOUR 
SAPROPHYTIC CHYTRIDS. I. CATENOMYCES PERSICINUS HANSON 


Anne Marie Hanson 1 


The true chytrids with posteriorly uniflagellate 
zoospores were formerly believed to be relatively 
few in number, but recent studies have brought to 
light so many new genera and species that our con- 
cepts of the group have undergone marked changes. 
This is particularly true in relation to the sapro- 
phytic species which occur on decaying vegetable 
and animal matter in the soil. Since 1935 no less 
than twenty-four new genera and eighty-seven spe- 
cies have been discovered. The multiplicity of forms 
so far found in the soil indicates that an almost un- 
limited microflora still awaits discovery. 

The present and following series of contributions 
add two new genera and four new species to the in- 
creasing list of chytrids. Of these four, Catenomyces 
persicinus , Rhizophydium coronum y and Catenochy - 
iridium laterale were briefly diagnosed in a pre- 
vious note by the author (1944). The fourth spe- 

1 Received for publication April 10, 1945. 

The writer wishes to express her gratitude to Professor 
John S. Karling for his encouragement and stimulating 
criticisms during the course of this work. 


cies apparently represents a new group for which 
another genus must be created. The first paper of 
this series deals primarily with the morphology, or- 
ganization, and developmental cycle of Catenomyces 
persicinus , 

This species was first discovered in October, 
1943, in bits of cellophane which had been floated 
on a water sample collected in Quaker Brook near 
Sharon, Connecticut. Attempts to culture and iso- 
late this fungus from other chytridiaceous species 
growing with it were begun at once. Fragments of 
cellophane containing portions of the rhizomy- 
eelium were rinsed in distilled water and placed in 
charcoal water, distilled water, and also in water 
from Quaker Brook, which had been sterilized by 
filtration. None of these liquids by themselves 
proved satisfactory. Within twenty-four hours 
growth was inhibited in both charcoal and distilled 
Water. Deterioration of the protoplasm of the rhi- 
zomycelium took place within two to three days. In 
filtered brook water deleterious effects became 
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Plate X. Fig. I. Portion of an extensive thallus of Catenomyces were done with the aid of 
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equally pronounced in four to six days. However, 
when fragments of cellophane containing the rhizo- 
myeelium with mature sporangia were placed in 
brook water, reinfection of freshly added cello- 
phane sometimes occurred. The newly established 
rhizomy celia, however, did npt reach maturity. Ac- 
cordingly, the complete cycle of the chytrid could 
not be determined by this culture method. 

Soil extract was next tried as the liquid medium. 
It was prepared by adding distilled water to soil 
collected in the vicinity of Quaker Brook. After one 
or tw T o days the liquid was decanted, filtered and 
autoclaved for twenty minutes. Growth of Cate- 
nomyces in bits of cellophane suspended in this me- 
dium was profuse and vigorous, but the best growth 
occurred when an equal quantity of charcoal water 
was added to the extract. Once a satisfactory liquid 
was found, this chytrid could be readily isolated. 
By transferring a single mature sporangium to 
fresh soil extract containing numerous bits of cello- 
phane, sparse unichytrid cultures were established. 
In such, fragments bearing only one th alius were 
readily found. Such single thalli have their origin 
from one zoospore, and cultures derived from them 
were accordingly monozoosporic. Sterile dried onion 
skin, bleached corn and grass leaves were also used 
as substrate, but inasmuch as growth was sparse, 
they were not suitable for the maintenance of stock 
cultures. 

Structure and germination of the zoospore. 
— The living zoospore (fig. 2-5) is spherical, 3.7- 
’4.5 [A in diameter, and contains from five to eighteen 
golden refractive globules which may be nearly uni- 
form or variable in size. In some zoospores one of 
the globules may be much larger than the others 
(fig. 4), suggesting perhaps that fusion of the 
smaller globules has taken place. This process in- 
variably occurs at the time of germination. Besides 
these globules, very little is to be seen in the active 
living zoospore. In fixed and stained preparations, 
however, the nucleus occupies a somewhat posterior 
position, and around its upper periphery a zone or 
cap of dense staining material is often present, as 
is shown in figures 12 and 13. This zone is similar 
in size, shape, position, and staining reaction to the 
nuclear cap which has been described in certain 
other chytrids (Karling, 1937; Hillegas, 1940; 
Ajello, 1942) and species of the Blastocladiales 
(Couch and Whiff en, 1942). 

During the active swimming period, which may 
last from twenty minutes to two hours, the zoospores 
are intermittently amoeboid (fig. 7—9), In the 
amoeboid phases almost any shape may be as- 
sumed. The pseudopodia which are thrust out may 
be very delicate and attenuated, and strikingly simi- 
lar to the pseudopodia figured by Karling (1934) 
for Catenaria anguillnlae. The refractive globules 
never migrate out into the pseudopodia, but always 


may be easily measured at this stage. When spores 
are killed with osmic acid fumes, the flagellum 
stains readily with Plimmer and Paines* modifica- 
tion of Cesares-GiPs method. In accord with the 
studies of Couch (1941), the flagellum is differen- 
tiated into a long thick basal part and a thin short 
lash or tailpiece (fig. 12). 

Toward the end of the swimming phase a dis- 
tinct hyaline vesicle is frequently formed terminally 
on the flagellum. The spores are active when the 
vesicle first appears and the latter seems to inter- 
fere considerably with flagellar motion. The spore 
swims along at a greatly reduced speed, stopping 
for considerable intervals and jerking the flagel- 
lum about with apparent effort, as if the vesicle 
were a weight on the flagellum. The terminal vesicle 
(fig. 10) gradually enlarges, and as it does so the 
length of the flagellum decreases. Eventually the 
flagellum disappears as such and is completely re- 
placed by an enlarged vesicle which is apparently 
made up of flagellar material (fig. 11). Such spores 
usually come to rest, but even in this stage they may 
still exhibit feeble motility. Although they move 
about, they do not migrate very far, and soon all 
movement ceases. The eventual fate of the vesicle 
was not definitely determined, but since its forma- 
tion is similar to that described by Karling (1944b) 
for Rhizidium verrucosum, it is possible that the 
vesicle is absorbed as the spore germinates. 

In addition to the normal-sized zoospores* dwarf 
and giant ones are frequently formed with two to 
six flagellae (fig. 5, 6). These are probably abnor- 
mal spores resulting from unequal or incomplete 
cleavage. In the spores the position of the nucleus 
is indicated by a clear area. In normal-sized spores 
(fig. 2-4, 7-11), one clear area is visible surrounded 
by refractive globules. In larger multiflagellate 
spores (fig. 6) more than one clear area is evident. 
This suggests the presence of more than one nucleus 
in such spores. 

The zoospores usually swell up and degenerate 
in water and rarely germinate under such condi- 
tions. When they do, a thin germ tube is formed 
which grows only a short distance. On bits of grass 
or cellophane, however, the zoospores germinate 
readily, and in so doing the germ tube may either 
penetrate the substratum directly or grow along its 
surface for a short distance. While this is going on, 
the refringent globules in the spore body coalesce to 
form larger ones, but within a short time this re- 
fractive material begins to disperse, so that by the 
time the spore body is almost empty, very little 
globular substance is visible. The intramatrieal 
germ tube is usually quite thick and blunt (fig. 17) 
and, as is shown in figures 18 to 22, it may often en- 
large directly into the primary sporangium. In 
other instances (fig. 23-25), the primary sporan- 
gium arises from branches of the initial germ tube. 
Commonly, the germ tube upon entrance into the 


remain closely aggregated at the posterior end of 
the amoeboid spore (fig. 7-9). The flagellum which cellophane grows along horizontally just beneath 
is about 30 fx long is dragged along posteriorly and the surface, and branches arise from it both above 
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and below. The branches that arise above emerge 
through the cellophane into the surrounding liquid. 
They are delicate, branched or unbranched, and 
sterile. The branches that originate from the lower 
surface of the germ tube grow deeply into the cello- 
phane, and establish the intramatrical rhizomy- 
celium (fig. 23, 24), 

Sterile extramatrical liyphae also may arise from 
the zoospore itself (fig. 20-25). In addition, during 
the development of the intramatrical rhizomy- 
celium, fine branches are now and then sent up into 
the liquid medium, and in this manner a dense mat- 
ting of sterile hyphae is often formed which covers 
the upper surface of the cellophane. Figure 25 
shows a young thallus developed from a germ tube 
which failed to enter the substrate but nevertheless 
sterile hyphae arose at the distal end of the germ 
tube and a branch, was given off below which pene- 
trated the cellophane. The zoospore case (fig. 22- 
28) remains as a thick-walled cyst throughout de- 
velopment of the thallus. It has never been seen to 
give rise to a sporangium, and probably does not 
take an active part in the further growth and de- 
velopment of the thallus. 

When the germ tube or its branches have become 
well established in the substratum (fig. 22-25), 
small refractive globules begin to appear again in 
the cytoplasm. These globules appear to have a 
greenish, tint, due perhaps to refraction, but as they 
aggregate in the center of the hyphae and fuse, the 
resultant larger globules become golden in color. As 
the globules continue to increase in size, they even- 
tually become peach or apricot in color. The deep- 
ening of the color of the globules appears to be due 
to a concentration of pigment. 

Structure of the thallus. — The thallus of 
this chytrid resembles those of Catenaria, Nowa- 
kowskiella , and Septochytrium in structure and or- 
ganization. It exhibits extreme variability in size 
and shape. Reduced monocentric thalli similar to 
those of Karlingia rosea (Johanson, 1944) are 
found occasionally, but generally polycentric ex- 
tensive mycelium-like thalli are developed, which 
show many of the characteristics noted in other 
polycentric chytrids. Occasionally empty enlarge- 
ments are found on the hyphae. They may possibly 
be equivalent to the spindle organs or “Sammelzel- 
len” characteristic of the genera Cladochytrium , 
N owakowskiella, Physoderma, and Urophlyctis, 
but in view of their infrequent occurrence* they are 
interpreted at present as incipient zoosporangia 
which failed to mature. At least they are not de- 
limited by septa nor do they become septate like 
those of C. replicatum and C. tenue. 

The mature sporangia of C. persicinus are pre- 
dominantly intercalary. So far, terminal sporangia 
have rarely been found. In size and shape there is 
almost unlimited variation. They may be uteriforin, 
pyriform, ovoid, cylindrical, spherical, elliptical, 
rectangular, triangular, or irregular. The sporan- 
gia are connected by isthmuses which are also vari- 


able in size and shape, but the latter are predomi- 
nantly tubular, unbranched and extensive, when the 
thalli are growing in grass, corn and onion skin. In 
cellophane there is no predominance of any particu- 
lar size and shape, with almost every conceivable 
variation occurring. In this substratum the isth- 
muses may be unbranched or branched, short or ex- 
tensive, cylindrical, elliptical, rectangular, triangu- 
lar, irregular, or occasionally septate. 

Sporangial development and dehiscence. — 
The sporangia arise as unbranched or branched en- 
largements of the main and secondary axes. During 
the early stages of development, the refractive glo- 
bules flow into the enlargements from the communi- 
cating hyphae and rhizoids (fig. 1 D, H). Fusion 
of refractive globules continues, and at the same 
time walls are laid down between the incipient spo- 
rangium and the remainder of the rhizomycelium. 

After a period of seventy-two hours or more, the 
refringent material begins to disperse again, and 
gradually disappears as such. The sporangial con- 
tents accordingly become finely granular in ap- 
pearance. During this phase the whole sporangial 
protoplasm is peach colored, and as in Karlingia 
rosea (Johanson, 1944) this pigmentation remains 
until the zoospores emerge. It does not disappear 
with the formation of zoospores as reported by 
Ward (1939) for the same species. Although the 
sporangial contents are generally peach or apricot 
in color, pale yellow sporangia are also found. 

By the time the evenly granular stage has been 
reached, or slightly before, one to several exit tubes 
develop. They may be comparatively short and 
broad, or greatly elongated and narrow. It was 
stated previously (Hanson, 1944) that from one to 
nine of these exit canals are developed, but sporan- 
gia with as many as fourteen exit canals have since 
been observed. A sporangium with eight exit tubes 
is shown in figure lF. Frequently the tubes branch 
(fig. IB). The exit canals are at first filled with the 
same granular cytoplasm as in the sporangium 
proper (fig. lE). Soon, however, differentiation 
occurs at the tip and a series of dehiscence changes 
begin. The first sign of differentiation is the ap- 
pearance of a small blister of viscid material at 
the tip (fig. 29), which gradually enlarges (fig. 
30). As it enlarges, the tip of the exit tube becomes 
dilated (fig. 31-33). At this early stage, two re- 
gions of different densities are often distinguishable 
in the viscid material at the papillar tip (fig. 31- 
33). The denser region is situated innermost, bound- 
ing the protoplasm. The less dense region occupies 
the most apical portion of the exit tube. As the tip 
of the exit tube continues to dilate with expanding 
viscid material, the granular cytoplasm in the tube 
recedes downward (fig. 34, 35). Exactly how the 
operculum is formed in the exit tube is not known, 
but the evidence at hand suggests it develops by 
condensation at the surface of the granular cyto- 
plasm as it recedes in the tube, in much the same 
manner as described by Karting in Nephrochytrium 
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Plate 3. Fig. 29-53, X 1680.-Fig. 29-35. Stages in the fomation of thehyalme piug 1 rc ^ rn “ Fig . 3 6. The oper- 
granular cytoplasm gradually receding downward preparatory to °Latto of the operculum while the 

culura has been formed.-Fig. 37. Invagination of the operculum -Fig^^ completely 

dilated tip of exit canal filled with mucilaginous substance is re ^ Vinous substance is dispers- 

evaginated with first zoospores pressing against it. At the tip of the exit tube the muc.lag.nous 
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amazonensis (1944c). Whatever the process may be, 
the operculum when formed is first convex. In fully 
mature tubes the spore plasm does not extend com- 
pletely up to the operculum (fig. 36). The inter- 
vening area appears to be filled with a viscid sub- 
stance which stains magenta with ruthenium red. It 
is therefore similar in nature to the viscid substance 
above the operculum which has great affinity for 
this dye. As the apex of the exit tube continues ex- 
panding, the operculum gradually invaginates until 
it is concave (fig. 37). It retains this shape for from 
one to four hours and then gradually evaginates and 
becomes convex again (fig. 38, 39). This evagina- 
tion of the operculum is more or less synchronous 
with the deliquescence of the dilated apex of the 
exit tube and the gradual dispersal of the viscid 
substance. Spore discharge may begin as soon as all 
the viscid material has dissolved or may be delayed. 
In either event the first spores are released under 
such pressure that the operculum is ripped off and 
carried out with the spores. The remainder of the 
spores emerge more slowly, one by one. If the oper- 
culum is not torn off (fig. 40), it is raised up by 
each spore as it passes out. Generally the opercu- 
lum does not fall all the way back in place before it 
is struck by the next emerging spore, and when the 
rate of emergence is rapid, the operculum simply 
vibrates on its hinge. 

As was previously stated, as many as fourteen 
exit tubes may develop on one sporangium. All un- 
dergo simultaneously the same dehiscence changes, 
but usually only one functions. It is consequently 
impossible to judge which of the several tubes will 
function. Accordingly, sporangia with a single exit 
tube are best suited for the study of discharge. The 
approximate time at which discharge will occur may 
be determined by observing the invagination and 
evagination of the operculum. Evagination is usually 
completed six hours after invagination began, and 
as soon as evagination is completed, discharge be- 
gins. If the operculum is not immediately torn off, 
it becomes detached before spore discharge is com- 
pleted, doubtless because of the great wear and tear 
to which it is subjected. As a consequence, it is never 
persistent in a functional exit tube but may be seen 
in the supernumerary exit tubes which did not func- 
tion. 

As is shown in figures 41 to 48, the opercula may 
be distinctly apiculate and bear a tenuous hyaline 
spine (fig. 43-47, 52) as in Nephrochytrium ama- 
zonensis . Such opercula also may invaginate (fig. 
42, 43, 48). As was noted earlier in figures 39 and 
40, an apical lid normally operates in the emission 
of spores, but frequently, when the operculum bears 
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an apical spine, a small flap lateral to the spine first 
operates in spore discharge (fig. 46-48). Eventually 
the whole operculum — lateral flap, apical spine, and 
all — is torn off and carried out by the spores (fig. 
47). This variation suggests* that the operculum of 
C, persicinus may sometimes be compound. However* 
the phenomenon described is noted only when the 
operculum proper bears a spine. Accordingly, the 
author at present regards the lateral flap as an 
abnormality associated with the presence of the 
spine. Other variations are also to be noted here. 
The operculum frequently develops at an angle in 
the exit tube, as is shown in figures 49 to 51. 

Typically, the spores emerge one by one in suc- 
cession and form a temporary but naked group near 
the orifice of the exit tube. In a few instances, how- 
ever, the emerged spores were enveloped by a 
distinct hyaline matrix. The matrix gradually dis- 
persed, but the spores did not become motile. This 
behavior therefore appears to be the result of pre- 
mature emission. The matrix enveloping the spores 
is probably the viscid substance previously noted 
beneath the operculum (fig. 36-38, 41—45, 49, 50, 
52). 

The presence of resting spores has not been clear- 
ly demonstrated in C. persicinus . However, thick- 
walled cells of the type shown in figures 1 K and 1 L 
occasionally occur. They are ovoid, elliptical or 
somewhat triangular in shape. Their contents con- 
sist of one to several large golden refractive glo- 
bules surrounded by a hyaline homogeneous cyto- 
plasm. These thick-walled cells have never yet been 
found germinating, and their true significance in the 
life cycle of C. persicinus therefore remains to be 
determined. 

Relationships. — Inasmuch as the presence and 
method of formation of resting spores have not been 
definitely established for C . persicinus , the exact 
relationship of this species to other polycentric chy- 
trids is uncertain. As far as is now known, its type 
of thallus structure and organization is characteris- 
tic of that of the family Cladochy triace ae as it has 
recently been interpreted by Whiffen (1944). Cate - 
nomyces persicinus is accordingly placed in this 
family for the time being. Within the family our 
fungus appears to be most closely related to Septo- 
chytrium and N owahowshiella because of its oper- 
culate sporangia. It is to be noted, however, that no 
well-defined spindle-shaped enlargements have been 
observed in the tenuous portions of the rhizomyce- 
lium like those which occur in some species of N owa- 
howshiella, Furthermore, no trabeculae or septa of 
the type reported for some species of Septochytrium 
have been seen in our fungus. The only septa so far 
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observed in C. persicinus relate to the delimitation 
o£ the sporangia from the remainder of the rhizo- 
mycelium. Other noticeable differences in our fun- 
gus are the lack of apophyses and proliferation of 
sporangia. In the latter respect C. persicinus resem- 
bles Septochytrium in which proliferation has not 
yet been observed. 

It is obvious that many of the differences cited 
above are not generieally valid for separating Nowa- 
kowshiella, Septochytrium , and Catenomyces. In 
N owakowskiella, for instance, well-defined spindle- 
shaped enlargements may (N. elegans ) or may not 
(JV. profusa) be present, . while in Septochytrium 
trabeculae or septa may be lacking (S. macrospo- 
rum; Karling, 1942) in the tenuous filaments. Fur- 
thermore, deliquescence of the tip of the exit tube 
and the formation of endo-opercula somewhat simi- 
lar to those of C. persicinus also occur in N. granu- 
lata and N. macros pora (Karling, 1944a, 1945). 
This type of sporangial dehiscence has also been ob- 
served" in Karlingia rosea (Johanson, 1944) and 
Nephrochytrium amazonensis (Karling, 1944c), 
monocentric chytrids of the family Rhizidiaceae. 
Obviously, this character also is generieally invalid. 
Accordingly, a careful analysis of the similarities 
and differences noted above raises the question of 
whether Septochytrium and Catenomyces should be 
merged with the large polycentric operculate genus, 
N owakowshiella. As far as present knowledge goes, 
there appear to be no substantial grounds for sepa- 
rating these genera. However, since C.' persicinus is 
not completely known and may possibly show other 
relationships, it is retained for the present in Cate- 
nomyces. 

Mention has already been made of the striking 
similarity of Catenomyces to Catenaria. However, 
the presence of an operculum in the former genus 
precludes very close relationship between the two. 
Nevertheless, the presence of tubular isthmuses be- 
tween the sporangia and numerous fine sterile rhi- 
zoids suggests that Catenomyces may be the oper- 


culate counterpart of Catenaria which has arisen by 
parallelism in evolution and development. It is to 
be noted, further, that the zoospores of C. persicinus 
include a large number of small globules like those 
of Catenaria anguillulae and usually emerge and 
disperse in a similar manner. This similarity, how- 
ever, does not in itself indicate close relationship, 
but if, in addition, the resting spores of Catenomyces 
prove to be similar in structure and formation to 
those described by Couch (1945) for Catenaria spe- 
cies, then our fungus must be transferred to the 
Blastocladiales. In this event, Catenomyces would 
be the first operculate member of the Blastocladiales. 

The only other operculate polycentric genus to 
which Catenomyces may possibly be related is Mega - 
chytrium (Sparrow, 1931, 1933) . This genus is char- 
acterized by tubular, branched, coarse mycelioid 
occasionally septate thallus, the extremities of which 
do not run out to fine threads. Its thallus is accord- 
ingly non-rhizoidal and differs fundamentally in 
this respect from that of Catenomyces . 

SUMMARY 

Catenomyces persicinus occurred as a saprophyte 
in cellophane, bleached corn and grass leaves, and 
dried onion skin suspended in samples of water from 
Quaker Brook near Sharon, Connecticut. The fun- 
gus is a pigmented “endo-operculate” polycentric 
chytrid belonging to the family Cladoehytriaceae, 
and its similarity and differences with other mem- 
bers of the family have been pointed out. The occur- 
rence of true resting spores has to date not been 
determined, and the exact relationship of this fungus 
to other polycentric chytrids is consequently uncer- 
tain. When resting spores and their germination are 
definitely known, the inclusion of the new fungus 
in the genus N owahowshiella may be possible. 
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THE RELATION OF GROWTH TO SIZE IN CUCURBIT FRUITS 1 

Edmund W. Sinnott 


An understanding of the genetic basis of in- 
herited differences among organisms must depend 
on a knowledge of how these differences arise during 
development. Characters of size, although notably 
difficult to analyze genetically, have a marked ad- 
vantage for developmental studies since they can 
be examined throughout most of the period from in- 
ception to maturity, and since many developmental 
differences among them can be described in simple 
quantitative terms. It is possible, for example, to de- 
termine whether a given inherited size difference is 
due to a difference in rate or in duration of growth, 
and thus to state the problem of its genetic control 
more nearly in physiological terms. 

The fruits of the Cucurbitaceae and particularly 
of Cucurbita Pepo offer good material for such 
studies. Size differences among races of this species 
are very great, some of the largest pumpkins bear- 
ing fruits a thousand times the volume of the small- 
est gourds. The ovaries and fruits are easily acces- 
sible and their dimensions can be measured from a 
very early stage. They are determinate structures, 
each an organic entity with a developmental cycle 
of its own which is comparable to that of an indivi- 
dual organism. In many cases pure lines, essentially 
homozygous, have been established by inbreeding. 
The purpose of the present paper is to compare 
fruit growth, from early ovary size to maturity, in 
a number of races differing markedly in inherited 
fruit size, and thus to provide evidence helpful in a 
developmental analysis of such differences. 

Relatively few studies have been made of the 
growth of fruits. Anderson (1895) brought a young 
and growing pumpkin fruit into the laboratory, still 
attached to its vine, and weighed it for a period of 
47 days. Growth showed a sigmoid curve and the 
data were later analyzed by Robertson (1923). Gus- 
tafson (1926) studied the growth of a number of 
cucurbit fruits, with results much like Anderson’s. 
Growth curves have been determined for a few other 
fruits, such as tomatoes, apples, peaches, and or- 
chids. The growth of leaves, also determinate plant 
structures, has been measured by a number of 
workers, notably by Weizsacker (1938) in tobacco. 
In all cases the basic growth program is that of a 
period of accelerating growth followed by a fall in 
rate until maturity, which produces, when plotted 
arithmetically against time, the familiar sigmoid 
curve. Little work seems to have been done, however, 
on the comparative growth behavior of large and 
small types in the same species. 

Materials and methods. — A number of inbred 
lines of Cucurbita Pepo were studied. The five most 
thoroughly analyzed were SBC, a white spheroidal 

1 Received for publication February 6, 1945. 

The author wishes to express his thanks to Edmund W. 
Sinnott, Jr. and to Mildred Sinnott Hill for their efficient 
assistance during the course of this investigation. 


line with a fruit volume at maturity of about 50 cc. ; 
TA, a white, ovoid type of about 40 cc. ; SP, a green 
and yellow “spoon” gourd of about 70 cc.; CF, a 
large yellow pumpkin of about 7,000 cc. ; and MS 5, 
another pumpkin type of about the same volume. 
Also studied were lines MT, an elongate green 
pumpkin with a fruit volume of 4000 cc. ; O , a round 
“orange” gourd of about 175 cc., and P, a small 
“sugar” pumpkin of about 800 cc. These are all vine 
or “runner” types, but two “bush” races were also 
studied: 108, a nearly spherical white line, with a 
fruit volume of about 700 cc., and STN, a yellow 
“straight-neck” summer squash of about 800 cc. 
Aside from these lines of Cucurbita Pepo, two from 
Lagenaria vulgaris were studied: line TR, a pear- 
shaped type with a fruit volume of about 650 cc., 
and MB, a small “bottle” gourd, of about 60 cc. A 
few fruits from plants of watermelon grown from 
commercial seed were also measured. 



TIME IN DAYS 

Fig. 1. Plot of the logarithms of the daily volume meas- 
urements of a typical fruit belonging to line MSS. 


In a number of cases, fruit growth on plants de- 
rived from crosses between large and small races 
was studied and compared with that of the parent 
types. Twenty-nine plants of one F 2 population 
were also analyzed. 

In lines SRC, TA and TR, the growth of fruits on 
diploid plants was compared with that of tetraploids 
derived from the same lines. 

Data were gathered from cultures made in six 
seasons, 1937, 1938, 1939, 1940, 1941, and 1944. 
These were grown in three localities : Woodbury and 
New Haven, Connecticut; and Falmouth, Massa- 
chusetts. So far as possible, cultural conditions were 
kept the same in all places. Seeds were planted out- 
doors between May 15 and June 1 and most meas- 
urements made during the last week of July and 
the first three weeks of August. During two seasons, 
temperature and other weather conditions were re- 
corded. 

Measurements of small ovaries and young fruits 
were made with steel calipers registering (with ver- 
nier) to .1 mm. Ovaries as small as 2 mm. in diam- 
eter could be measured with accuracy if care was 
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used, but in most cases records were not begun until 
the ovary bad reached 3 mm. or more. Most measure- 
ments were made daily, though occasionally a two- 
day interval occurred between them. Maximum equa- 
torial diameter was always measured and in most se- 
ries length or polar diameter, as well, taken from 
the base of the ovary to the insertion of the calyx. 
Volume was computed as the square of the diameter 
multiplied by length and (to correct for the gen- 
erally spheroidal form) divided by two. In cases 
where diameter alone was measured, length was sup- 
plied from previously determined relations of length 
to diameter at various sizes. Such computations of 
volume are by no means entirely accurate but they 
give good approximations to absolute volume and for 
purposes of rate determination are perfectly satis- 
factory. 

The day of flowering w T as always recorded, as was 
the day when significant increase in size no longer 
occurred. 

Ovaries or fruits which became scarred or were 
diseased or otherwise abnormal were discarded. 

Results — The smallest ovary volumes which 
could be measured with accuracy were about 10 cu- 
bic millimeters. This increased during growth to 
a final volume of about 40,000 cu.mm, in the small- 
fruited races and to over 10,000,000 cu.mm, in the 
largest fruits. In the former this growth was accom- 
plished in about 16 to 18 days but in the latter it 
usually required more than 30 days. 

When ovary volume is plotted against time, a 
typical sigmoid curve results, resembling those 
found by previous workers. Since the measurements 
here recorded, however, go back to such a very small 
size, as compared to that of the mature fruit, the 
changes in volume can be shown graphically in a 
much more complete fashion if the logarithms of 
volume rather than the volumes themselves are 
plotted, and this method has therefore been used in 
the present paper. The daily volume measurements 
of a typical fruit plotted in this way are shown in 
figure 1. These points fall along an essentially 
straight line during the early part of the growth 
curve but this line later flattens out gradually until 
growth ceases. 

During the period when the line is straight, 
growth is evidently taking place at a constant ex- 
ponential rate, the fruit growing as at compound in- 
terest. The slope of the line measures the rate of 
growth. The actual rate for this portion of the curve, 
or any part of it, can be readily computed from 
Blackman’s (1919) equation, 

Log Wi log Wo 

t log e 


where w 0 is the volume at the beginning of the pe- 
riod, wj the volume at a given time t afterward, and 
e the base of the natural logarithms. In most fruits 
measured the rate was found to be from 60 per cent 
to 70 per cent per day, which, since it is compounded 
continuously, means that the ovary approximately 
doubles its volume daily. The end of exponential 
growth — the point where the line ceases to be 
straight and begins to flatten out — can usually be de- 
termined rather exactly. 

To compare the relative duration of growth in 
different types it is necessary to find a comparable 
starting point for all of them. Since growth in very 
early stages could not be measured, an arbitrary 
ovary volume, 10 cubic mm., was selected as a base 
from which to calculate growth duration in all types. 
In most cases measurement began at a somewhat 
larger size than this and since the first part of the 
curve is essentially straight, it seems legitimate to 
extrapolate the curve back to the arbitrary volume, 
the logarithm of 10 cubic mm. In all figures such 
extrapolation is indicated by a broken line. From the 
point where this meets the arbitrary origin, duration 
of growth in days has been measured. The curves in 
figures 2-7 are drawn through such series of points 
as are given in figure 1. None of the curves are 
smoothed. The day of flowering is indicated by a 
solid circle in the line. The end of the line is on the 
day where significant increase in volume ceased. 

The growth of fruits of large-fruited and small- 
fruited lines can be compared by studying their 
growth curves. In figure 2 are shown the curves of 
four individual fruits, two large and two small. In 
figure 3 are the average curves for all individuals 
studied in six lines for the year 1939. Each of these 
averages was determined by taking a comparable 
point — the day when growth rate began appreciably 
to decrease — on the curve of each individual fruit of 
that line measured, and finding the average ovary 
volume for the line at that point. The average vol- 
umes for successive days before and after this point 
were then determined and the curve drawn through 
them. Practically identical curves result if the other 
good comparable point — the day of flowering — is 
used instead. 

From these curves it is possible to determine a 
number of facts as to fruit growth in each line which 
may then serve as a basis for comparing the lines 
with each other. These facts are: the duration of the 
entire growth period in days, from a volume of 10 
cu.mm.; the duration of each comparable part of it 
— from the origin to flowering, from flowering to the 
break in the curve (the end of exponential growth) 


Figs. 2-7. In all figures the logarithm of ovary volume in cubic millimeters is plotted against time in days. In 
each case the first portion of the line, essentially straight, is carried back (broken line) to a volume of 10 cu.mm, 
from which, as an arbitrary origin, the duration of growth can be measured. The time of flowering is shown by a 
circle on the line. Each line is carried to the point at which growth ceases.— Fig. 2. Curves of four typical individual 
fruits of the same year (1939), from two large-fruited lines and two small ones.— Fig. 3, Average curves for six 
lines for the year 1939.— Figs. 4-7. Curves for four pairs of lines and, in each case, for the F x from a cross between 
them grown in the same year. 
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Table 1 . Data for duration and rate of growth, size of ovary at flowering, and final fruit size. 


Duration in Days 

Origin Flowering 
to to 

Total flowering final size 


Log ovary 
volume at 
flowering 


Log fruit 
volume at 
final size 


SRC 

1937 

21 

18.5 

8.5 

10.0 

.602 ± .007 

3.277 ± .034 

4.892 : 

± .031 


1938 

18 

16.5 

9.5 

7.0 

.680 ± .011 

3.190 ± .037 

4.590 

± .241 


1939 

3 

16.0 

7.5 

8.5 

.701 ± .011 

3.258 ± .031 

4.803 

± .059 


1944 

7 

17.5 

8.0 

9.5 

.666 ± .012 

3.330 ± .045 

4.770 

± .034 


Aver. 


17.13 

8.38 

8.75 

.648 ± .007 

3.253 ± .021 

4.754 

± .023 

TA 

1937 

1 

22.5 

7.5 

15.0 

.606 

3.399 

5.234 


1938 

97 

17.0 

7.5 

9.5 

.688 ± .011 

3.180 ± .037 

4.510 ; 

± .048 


1939 

8 

16.0 

8.0 

8.0 

.682 ± .013 

3.403 ± .025 

4.812 ; 

± .018 


1944. 

3 

19.0 

9.0 

10,0 

.606 ± .037 

3.623 ± .091 

4.782 

± .067 


Aver. • 


18.63 

8,0 

10.!>3 

.679 ± .009 

3.269 ± .036 

4.615 

± .043 

CF 

1937 

5 

31.0 

12.0 

19.9 

.566 ± .010 

3.932 ± .045 

6.715 

± .037 

1938 

4 

30.5 

13.5 

17.0 

.611 ± .013 

3.950 ± .096 

6.570 

± .102 


1939 

7 

28.0 

10.5 

17. > 

.650 ± .010 

3.971 ± .054 

6.612 

± .080 


1944 

6 

32.5 

11.5 

21.0 

.619 ± .023 

4.177 ± .046 

6.945 

± .111 


Aver. 


30.5 

11.88 

18.62 

.615 ± .010 

4.014 ± .032 

6.692 

± .048 

M3, 5 

1937 

. , Q_ 

36.5 

12.5 

24.0 

.531 ± .001 

4.064 ± .406 

7.172 

± .128 


1938 

1 

33.0 

13.0 

20.0 

.574 

3.824 

5.720 



1939 

4 

27.5 ' 

9.5 

18. 4 

.669 ± .006 

3.948 ± .042 

6.559 

± .088 


1944 

0 

32.5 

12.0 

20.5 

.554 ± .034 

4.158 ± .037 

6.700 

± .192 


Aver. 


32.38 

11.75 

20. >3 

.602 ± .022 

4.007 ± .050 

6.630 

± .145 

Total 

1937 


27.5 

10.0 

17.5 

.576 ± .018 

3.668 ± .194 

6.003 

± .453 


1938 


21.5 

10.5 

11.0 

.638 ± .028 

3.536 ± .204 

5.350 

± .492 


1939 


21.0 

8.5 

12.5 

.676 ± .011 

3.645 ± .184 

5.697 

± .513 


1944 


25.0 

10.0 

15.0 

.611 ± .023 

3.822 ± .204 

5.799 

± .593 

Sp 

1939 

6 

20.0 

9.5 

10.5 

.540 ± .017 

3.437 ± .097 

4.893 

± .041 


1944 

<2 

21.0 

9.5 

11.5 

.455 ± .029 

3.211 ± .179 

4.698 

± .167 


Aver. 


20.5 

9.5 

11.0 

.519 ± .019 

3.372 ± .090 

4.850 

± .052 

0 

1939 

3 

22.0 

9.0 

. 13.) 

.549 ± .004 

3.540 ± .019 

5.171 

± .040 


1944 

3 

25.5 

12.5 

13.0 

.470 ± .040 

3.860 ± .086 

5.257 

± .141 


Aver. 


23.75 

10.75 

13.0 

.510 ± .031 

3.700 ± .074 

5.214 

± .067 

MT 

1937 

0 

28.5' 

13.5 

15.9 

.476 ± .002 

4.493 ± .259 

6.324 

± .027 


1939 

9 

27.5 

8.5 

19.9 

.592 ± .021 

3.942 

6,425 

± .139 


Aver, 


28.0 

11.0 

17.9 

.534 ± .035 

4.309 ± .236 

6.225 

± .080 

P 

1937 

3 

25.0 

14.5 

10.5 

.635 ± .011 

4.010 ± .006 

5.899 

± .024 

103 

1937 

. q 

25.0 

14.5 

10.5 

.520 ± .019 

4.433 ± .018 

5.897 

± .026 


1939 

1 

26.0 

14.0 

12.0 

.485 

4.107 

5.709 



Aver. 


25.5 

14.25 

11.25 

.508 ± .010 

4.324 ± .106 

5.834 

± .063 

STN 

1939 

o 

23.0 

10.5 

12.5 

.561 ± .023 

3.801 ± .046 

5.896 

± .026 

TR 

1941 

10 

23.0 

8.0 

15.0 

.515 ± .012 

2.853 ± .084 

5.690 

± .099 

MB 

1939 

2 

17.5 



.765 ± ,018 


4.801 

± .179 

WM 

1937 

o 

20.5 

7.0 

13.5 

.727 ± .130 

3.908 ± .389 

6.341 

± .519 


1938 

3 

27.5 

6.0 

21.5 

.684 ±.085 

2.860 ± .078 

6.170 

- ± .161 


Aver. 


24.0 

6.5 

17.5 

.701 ± .055 

3.279 ± .289 

6.240 

' ± ,198 

and from this point to final size; the rate of growth and 3 and table 1, between lines unlike in mature 
during the exponential period; the ovary volume at fruit size brings out a number of facts with regard 
flowering and the fruit volume at final size. to fruit growth in these lines. 

Determinations of six of these values for the six First, in all lines growth consists of two phases, 


lines shown in figure 3, together with seven others 
less intensively studied, are presented in table 1. 
The logarithms of ovary and fruit volumes, rather 
than the volumes themselves, are given. Errors are 
standard errors. 

A comparison, on the basis of data from figures 2 


an initial one in which there is a constant exponen- 
tial rate, followed by a phase of continually decreas- 
ing rate until growth ceases. 

Second, there is no relation between growth rate, 
either during the exponential period or later, and 
final fruit size. One of the small lines ( SP ) has a 
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very low rate and another ( MB ) the highest of all. 
The very large lines are intermediate. 

Third, as a corollary of this, the larger a fruit is 
at maturity, the longer it takes to grow. Not only 
the whole period of growth but each portion of it — 
from the beginning to flowering, from flowering to 
the “break” and from thence to final size — is of 
longer duration in a large- fruited type than in a 
small-fruited one. The growth curve of the large 
type, when expressed logarithmically, is essentially 
a replica of that of a small one of the same rate save 
that it is enlarged in all its parts. It follows that in 
large-fruited types each comparable stage during 
growth is longer and the amount of growth between 
one stage and the next is greater than in the smaller 
ones. 

Fourth, there are differences in growth rate be- 
tween the various lines. TA, for example, is con- 
sistently higher than MSB; MB is very high, and 
SP, 0 and 10S are markedly low. The absolute dif- 
ferences between these rates are not very great, but 
the differences exist and in manj^ cases are definitely 
significant, especially when data from the same sea- 
son are used. There seems to be no relation between 
growth rate and any other character of the line. 

Fifth, environmental factors, insofar as these are 
reflected in seasonal differences, markedly affect 
rate. This is shown best by a comparison between 
the four seasons for the four lines (SRC, TA, CF 
and MSB) most intensively studied. The average 
rates ranged from .576 in 1937 to .676 in 1939. To 
separate the differences due to the years from those 
due to the lines, an analysis of variance was made 
for which the author is indebted to his colleague, 
Dr. €. I. Bliss, and to Dr. W. G. Cochrane. Owing 
to the wide variation in the numbers of individuals 
in the different races and years, it was difficult to de- 
termine variance in the usual way. The method here 
used is based upon that of fitting constants, de- 
scribed by Yates (1934). From the results, set forth 
in table 2, it can be shown that the differences be- 
tween lines are significant but those between years 
are even more highly so. 

Sixth, there is an inverse relation between growth 
rate and growth duration in the various seasons. 
When rate is high, final size is attained more rapidly 
than when it is lower. This is also evident not only 
in the seasonal averages but in fast-growing and 
slowly-growing plants of the same line. There is 
some evidence of the same sort of compensation be- 
tween lines which differ in rate, the more slowly 
growing ones, such as SP, having a longer growth 
period than those of about the same final size but 
faster growth. 

A comparison between pure types and first gen- 
eration hybrids between them shows a considerable 
diversity in behavior. Where a large-fruited race 
like CF is crossed with a small one like SRC (fig. 5) 
the F x was found to be intermediate in fruit size and 
not far from the geometric mean between the two 


parents. In one year the F 1 was about equal' to the 
larger parent at flowering, but reached this stage in 
10 days rather than 12, growing at a faster rate. It 
was outdistanced by CF, however, in the latter part 
of the growth cycle, since its growth fell off more 
rapidly and ceased four days earlier. In another 
year (fig. 5) the Fi was about the size of the smaller 
parent at flowering but its growth continued much 
longer, though at all stages it was definitely behind 


Table 2. Analysis of variance in growth rates for four 
lines for four years. 


Degrees 



of 

Mean 


freedom 

squares 

F 

Years 3 

.04847 

18.57 

Lines (eliminating years) 3 

.01773 

6.79 

Interactions 9 

.00261 

1.00 1.43 


the larger parent. Different results were obtained, 
however, when SRC was crossed with another large- 
fruited line, MT. Here the F* was not far behind 
the larger parent at maturity, having a higher 
growth rate but a shorter total growth period (fig. 
6 ). _ . 

In crosses between two lines differing but little in 
final size or in rate, the F x (fig. 7) was intermediate 
throughout its growth, though somewhat nearer the 
larger parent at maturity. 

When two lines, SRC and SP, not far apart at 
final size but differing in growth rate, were crossed 
(fig. 4) the Fi showed a rate essentially like that of 
the faster parent, SRC, and also excelled the latter 
in duration of growth, so that in this case the Fj was 
larger than either parent, though not markedly so. 

An F 2 generation of 29 plants grown from this 
last cross was analyzed and compared with its F± 
and the parental types. The data are shown in table 
3. As to rate, the variability of the F 2 is significantly 
higher than that of the Fj and of one of the parents. 
In final fruit size, however, F 2 variability is not 
significantly greater than in Fj . 

In three lines, TA, SRC and TR, the diploid race 
was compared as to fruit development with a tetra- 
ploid one derived from it by colchicine treatment. 
The mature fruit was somewhat larger in the tetra- 
ploid in TR, somewhat smaller in TA, and about the 
same size as the diploid in SRC. Growth rates were 
not greatly different. In TR diploid it was .515 :± 
.012 and in TR tetraploid, .452 ±: .017. In TA the 
diploid rate was .535 ± .019 and the tetraploid .606 
± .014. In SRC the diploid rate was .550 zfc .040 
and the tetraploid .552 ± .013. Thus in TR the 
diploid rate was slightly but significantly higher ; in 
TA it was slightly but significantly lower* and in 
SRC the two types were practically identical in 
rate. 

Discussion. — The genetic control of differences 


Table 3. Data for parents, F 1 and F 2 of a cross between a rapidly growing line and a sloxvly growing 
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in fruit size evidently operates primarily by deter- 
mining the duration of the growth period. The small- 
fruited types; although growing as fast as the large 
ones* cease growth much earlier. This suggests that 
there is available to each of them a smaller amount 
of some essential substance or substances* produced 
under the control of genetic factors* which might 
determine size in this way. These substances cannot 
be the elaborated materials from which the fruit is 
built* since such materials are present in abundance. 
In some lines there are made from them many small 
fruits* but in others a few much larger ones. The 
difficult problem is to find why the amount allocated 
to each fruit in one line is so different from that in 
another line. 

This control may more hopefully be sought among 
physiologically active substances like the vitamins 
and hormones* which have been found to affect 
growth powerfully even when present in extremely 
small amounts. It would be useful to know the con- 
centration of such substances in the various develop- 
mental stages of fruits which differ in final size. A 
beginning on this problem has been made by Dr. 
Katherine Wilson in this laboratory (paper unpub- 
lished). She has found that three B vitamins tested 
become progressively reduced in concentration dur- 
ing the period of exponential growth. When the con- 
centration is reduced to a certain level* which is es- 
sentially the same in all types* the rate of growth 
begins to decrease. This reduction in vitamin content 
proceeds much more rapidly in small-fruited than 
in large-fruited races* so that in the former the 
critical level is reached at a much smaller ovary size 
than in the latter. Thus there seems to be a relation 
between the concentration of these three vitamins 
and the duration of growth. Doubtless other growth 
substances are also involved. Whether genetic fac- 
tors control the rate at which such substances are 
produced* the rate at which they are broken down* 
or the rate at which they enter the growing fruit* 
is not known. It seems probable that in a fruit which 
is destined to be large the necessary amounts of such 
substances are maintained for a longer time than in 
one which will be small. The relation between 
growth substances and inherited organ size offers a 
hopeful field for a study of the chemical basis of 
gene action. 

It is noteworthy that even when the growth rate 
is markedly different* as it sometimes is in different 
seasons* the final fruit size attained is essentially 
the same. Lower rate of growth is compensated by 
longer duration in all phases. This suggests that 
there may be a relation between the absolute amount 
of essential substances available ancl total growth. 
This total amount evidently has a very definite limit* 
for it has proved impossible to make a small-fruited 
type bear larger fruits by the most favorable cul- 
tural practices. A few attempts to inject physiolog- 
ically active substances into developing ovaries had 
no effect but offers a promising method of attack on 
the problem. 
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The fact that in the larger fruits all parts of the 
growth curve are of longer duration is evidently in 
conflict with Robertson’s hypothesis that the 
growth curve is similar to that of a monomolecular 
autocatalytic reaction, each stage of which can he 
determined from the equation 
A 

log = & (ti — t) 

A — X 

in which X is the size at any time; ti, A the final 
size; t the time when half the final size is reached; 
and k a constant relating to growth rate. Rate at 
any time is proportional to the amount yet to grow, 
and thus decreases steadily from the beginning of 
development. If the logarithm of size is plotted 
against time, as has been done in the present paper, 
the curve will therefore be convex throughout its 
course. However, where final size is vastly greater 
than initial size (as in the material here analyzed) 
the value of A — X is for a long time subject to 
such slight change per unit of time as to be essen- 
tially constant. Thus a growth curve plotted loga- 
rithmically from values derived by Robertson’s 
equation will follow for a considerable time (if the 
rate is fairly high) an essentially straight line. As 
the structure begins to increase markedly in size, 
this nearly straight line changes to a gradually flat- 
tening curve. 

The growth curve of a large fruit, such as that of 
line CF, fits rather well one calculated from Robert- 
son’s equation, in which & is taken as r (derived from 
the straight part of the line) multiplied by log e. If 
the growth of a much smaller fruit, like TA, is cal- 
culated in the same way, however, and with the same 
value for k, it will be markedly different from the 
curve actually found for this line. If Robertson’s 
equation is followed, the number of days between 
the point where the fruit is half grown and the point 
where final size is attained must be the same for 
fruits of all sizes (with the same growth rate). Ac- 
tually, however, the time between half size and final 
size is much shorter in the small fruited types than 
in the large ones. Therefore, although Robertson’s 
formula gives a fair approximation to some of the 
curves here obtained, the correspondence with 
others is far from close. 

So many factors are involved that it seems un- 
likely that any single equation will fit all these 
curves exactly. Early growth is strictly exponential, 
which would be expected in a totally embryonic sys- 
tem. It is noteworthy that this is the period, in these 
fruits, in which cell division is actively taking place 
(Sinnott, 1939). What causes growth to diminish in 
rate and finally cease is the most difficult part of the 
problem. 

There is little evidence of heterosis in the present 
material. In only one case (fig. 4) did the F^ exceed 
both parents in final size. Here its growth rate was 
like that of the faster growing parent, which it ex- 
ceeded because of a somewhat longer growth period. 
In most cases the F i was intermediate between the 


two parents. Sometimes it was a little faster than 
either in early growth but much behind the larger 
parent in duration. Sometimes its duration was great 
enough to put it close to the larger parent. These re- 
sults confirm East’s conclusion that heterosis is little 
evident in organs of determinate growth. 

Such evidence as there is suggests that there are 
inherited differences in growth rate. Some races are 
significantly slower in growth than others; and in 
the single F 2 generation analyzed, from a cross be- 
tween two races differing in rate, there is a signif- 
icant increase in variability of rate over the pure 
types and the Fj_, indicating segregation of rate fac- 
tors. Final fruit size, in which the parents were not 
very unlike, is not significantly more variable in the 
F 2 . Differences in rate are clearly minor elements 
in the determination of size. 

Despite a considerable body of evidence from 
other plants that tetraploids and diploids differ in 
growth, little consistent information is given by the 
present study. Here again, conditions may be dif- 
ferent in organs of limited growth, like the fruit, 
from those in the plant as a whole, where growth is 
essentially indeterminate. 

SUMMARY 

The volume of ovary and fruit was measured 
daily in a number of lines of cucurbits, chiefly Cu - 
curbita Pepo, which differ markedly in mature fruit 
size. These ranged from small gourds of about 40 
cc. to large pumpkins of about 7000 cc. 

Growth was studied from these measurements and 
from curves of the logarithm of volume plotted 
against time. 

Growth in all cases consists of an initial phase of 
constant exponential rate followed by one of gradual 
decrease. 

Final fruit size has little relation to rate of growth 
but is determined chiefly by its duration. In large- 
fruited races each portion of the growth cycle is of 
longer duration than in small-fruited ones. 

There are slight inherited differences in growth 
rate between the various lines. 

Environmental factors, as reflected in the results 
of six seasons, affect growth rate and duration, but 
fruit size much less. When growth rate is relatively 
high, final size is attained more rapidly than when 
the rate is lower, but the size itself is essentially the 
same. 

There is little evidence of heterosis in fruit size, 
the F 1 fruits in most cases being not far from the 
geometric mean of their parent types. In three lines 
studied there is no constant difference in fruit 
growth between diploid and tetraploid races. 

Robertson’s equation for growth fits the large- 
fruited types fairly well but not the small ones. 

It is suggested that genetic factors for fruit size 
may operate by controlling the production or des- 
truction of physiologically active substances neces- 
sary for fruit growth. 

Vale University, 

New Haven, Connecticut • 
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NEW MARINE ALGAE FROM SOUTHERN CALIFORNIA. Ill 1 

George J. Hollenberg 


Further study of the marine plants of Southern 
California (cf. Hollenberg, 1940, 1943) brings to 
light additional plants which seem not to have been 
previously reported. Several of these are described 
herewith. 

Griffithsia multiramosa (Setchell and Gardner) 
Taylor, ( Neomonospora multiramosa Setchell and 
Gardner, 1937) var. balboensis, var. nov. (fig. 1). 
Plantae rosaceorubrae aut lucidae rubra, cristas 
delicatas et globosas et 10—15 cm. crassis formantes, 
fere epiphyticae, implicatae et dense ramosae ; ramis 
multo dichotomo ramosis ; 150-170 [x crassis deorsum 
et gradatim angustioribus sursum ad 30 [x aut minus ; 
segmentis fere 10—18 diametros longis, et minus ad 
apicem ramorum, leviter tumidis ; tetrasporangiis 
sparsis, globosis et 60-70 fx crassis, tetrahedralibus 
divisis, sine ramis involucralibus, singulatim per 
pediculum fere unicellulare affixis; cystocarpiis et 
ramis antheridialibus ignotis. 

Plants rose-red to deep red in color, forming deli- 
cate globular tufts mostly 10-15 cm. in diameter, 
epiphytic or often unattached, intricately and dense- 
ly branched; branches repeatedly dichotomous at a 
very narrow angle except in lower parts, 150-170 [x 
in diameter and with relatively thick walls below 
and gradually narrower above to 30 jx or less, with 
thin walls; segments mostly 10-18 diameters long 
and shorter toward the tips of the branches, only 
slightly tumid; tetrasporangia infrequent, globular 
and 60-70 )x in diameter, tetrahedrally divided, with- 
out involucral branches, attached singly mostly at 
non-forking nodes by a short pedicel of one or two 
cells, so that a tetrasporangial branch forms one 
branch of a dichotomy; sexual plants unknown; 
plants occurring in sheltered water of inland bays. 

The type specimen of this plant is number 2364, 
tetrasporic, collected by the writer, September 24, 
1938, near the bridge of State Highway No. 101, 
where the upper bay connects with the harbor proper ( 
at Balboa, Orange County, California. It has been re- 
peatedly collected at this place where it is sometimes 
very abundant and either floating free in the tidal 
current or attached insecurely to various objects. 
This plant has been collected by various investiga- 
tors a number of times at different places in South- 
ern California over a period of many years, but is 
rarely found in fruit. The scarcity of reproductive 
structures may bear some relation to the seeming 
readiness with which the plant propagates vegeta- 
tively. Rhizoids arise with considerable frequency 
from the branches and the writer is inclined to be- 
lieve that fragmentation followed by ready forma- 
tion of rhizoids results in vegetative propagation, 
although no experiments have been performed in 
this connection. 

1 Received for publication May 10, 1945. 


G. multiramosa var. balboensis is very close to 
G. multiramosa var. minor described by Taylor 
(1939) from Baja California, Mexico. The local 
plant is much larger and differs in its more globular 
form and frequently free-floating habit, and espe- 
cially in habitat, since it seems to be confined to the 
warm water of sheltered bays and lagoons. From the 
species as described by Setchell and Gardner (1937) 
the plant differs in the tetrahedral division of the 
sporangia and in habit and habitat. It also seems 
close to G. arachnoidea described by C. Agardh 
(1828) from the coast of “Gallea” and figured by 
B^rgesen (1930). Judging by Agardh *s description, 
and by the figures and description of B^rgesen, the 
California plant differs in the more globular form 
and less tumid cells. Plants collected by B^rgesen 
were from exposed positions. Southern California 
plants seem to be decidedly limited to warm, shel- 
tered bays. 

Chondria arcuata sp. nov. (fig. 2—4) Frondes 
pullo rubrae et cristatae, cum ramis prostratis et 
repentibus per intervalla frequentia per hap teres 
breves et robustos ad saxa affixis et cum ramis erectis 
3-4 cm. altis et 300-400-(700) /x crassis; ramis 
perspicue arcuatis, ad fundamentum attenuatis et 
fere cum ramulis paucis et similiter arcuatis ; ramis 
manifeste polysiphonis, cum quinque cellulis peri- 
centralibus comparate magnis, longitudine aequali; 
segmentis axis pericentralibus fere 1-1.5 diametros 
longis ; cortice tenui circiter stratorum duorum cellu- 
larum 20-25 \x crassis et 1.0-1.5-(4) diametros 
longarum constructo ; apicibus crescentibus in puteis 
in apicibus ramorum truncatorum positis, et cristam 
trichoblastarum brevium et dense furcatarum feren- 
tibus ; tetrasporangiis in apicibus ramorum sitis, 80- 
90 fx Chassis, tripartitis ; cystocarpiis ovoidis et sessi- 
libus, circiter 360-450 /x crassis, sine calcaribus in 
basi; ramulis antheridialibus orbicularibus numero- 
sis ad apices ramorum, 3 80-215 /x latis. 

Fronds dull red, tufted, with prostrate creeping 
branches attached to rocks by short sturdy hapteres 
at frequent intervals and erect terete branches 3-4 
cm. high and 300-400- (700) /xin diameter ; branches 
conspicuously arcuate, attenuate at the base and 
mostly with few or no branchlets, the branchlets be- 
ing similarly curved; branches conspicuously poly- 
siphonous internally, with five relatively large peri- 
central cells of uniform length showing plainly 
through the relatively thin cortex and giving an evi- 
dently segmented appearance to the branches with 
respect to the inner core ; segments of the pericentral 
axis composing more than half of the width of the 
branches and 1.0-1. 5 diameters long; cortex mostly 
of 2-3 layers of cells 20-25 fx in diameter and 1.0- 
1.5~(4.0) diameters long; chromatophores in the 
form of long, contorted bands; growing point of 
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Fig. 1-9. All figures except the habit sketches representeed in figures 9, 5, and 6 were drawn with the aid of a camera 
lucida. — Fig. 1. Portion of a branch of Griffithsia multiramosa var. balboensis var. nov. showing tetrasporangium. 
X215. — Fig. 9. Habit sketch of Chondria arcuata sp. nov.XG. — Fig. 3. Cross section of a branch of G . arcuata XlOO. 
— Fig. 4. Branch of C. arcuata showing cystocarp and pericentral cells. X25. — Fig. 5. Habit sketch of a portion of a 
cystocarpic plant of Gigartinci tepida sp. nov. X3.5. — Fig. 6. Habit sketch of a tetrasporic plant of My rio gramme 
repens sp. nov. X10. — Fig. 7. Antheridial branch of Heterosiph&nia asymmetria sp. nov. X430. — Fig. 8. Portion of 
a branch of II. asymmetria showing cortical filaments. X100. — Fig. 9. Cross section of a branch of II. asymmetria. 

xioo. 
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branches in a pit at the tips of the truncate branches 
and bearing a tuft of short, densely-branched trieho- 
blasts ; tetrasporangia 80-90 p in diameter, em- 
bedded in the tips of the branches, tripartitely di- 
vided; cystocarps ovoid sessile, about 360-450 p in 
size, without a basal spur; antheridial discs oval, 
180—215 [x wide, abundant at the tips of the branches. 
Plants attached to rocks along with Spermothamnion 
Snyder ae Farlow and other diminutive plants at low 
tide level. Laguna Beach and Corona del Mar. 

The type is number 1058 collected by the writer 
at Laguna Beach, Orange County, California, on 
October 29, 1935. This relatively small member of 
the genus has been found a number of times in the 
above mentioned localities. It seems to be the second 
species in the subgenus Coelochondria so far re- 
ported from the Pacific Coast of North America. 
The curving branches, the stoloniferous habit and 
the thinly corticate pericentral cells of uniform 
length seem to be the most distinctive features. In 
certain of these respects as well as in size and gen- 
eral habit the present species resembles C. curvili- 
neata described by Collins and Hervey (1917) from 
Bermuda. However, the latter plant is characterized 
by prominently thickened and curving walls at the 
ends of the pericentral cells. C. arcuata also resem- 
bles C. simplisuis cula, described by Madame Web- 
ber-van Bosse (1913), but the latter plant is epiphy- 
tic and is not described as having curving branches. 

Gigartina tepida sp. nov. (fig. 5) Plantae laxe 
cristatae, ad 9 cm. altae, 3-4 plo alterne ramosae in 
uno piano in modo decomposito cum axibus princi- 
pibus complanatis, 0. 5-1.0 mm. latis et plus aut 
minus distinctis et flexis; ramis ultimis distichis, 
acutis et fere 5 mm. longis ; soris tetrasporangiorum 
parvis et superficiaris, fere ad margine ramulorum ; 
cystocarpiis ad 500 p crassis fere ad margine ramu- 
lorum; soris antheridialibus parvis. 

Plants loosely tufted, to 9 cm. high, 3-4 times 
alternately branched in one plane in a decompositely 
pinnate manner, with more or less distinct but fiexu- 
ous leading axes; main branches 0.5-1 .0 mm. in 
diameter, complanate, with distichous and sharply 
pointed ultimate branches, mostly about 5 mm. long; 
tetrasporangial sori small and superficial, mostly 
marginal on the ultimate and subultimate branches ; 
cystocarps to 500 p in diameter, mostly marginal on 
branches of all orders; plants attached to shells, 
stones, and woodwork in sheltered bays. 

The type specimen, number 1157 in the herba- 
rium of the writer, is tetrasporic and was collected 
among others from shells and rocks near the bridge 
by which the state highway number 101 crosses the 
outlet to the upper harbor at Balboa in Orange 
County, California, on December 8, 1935. This plant 
has been collected repeatedly at this locality, which 
is subject to tidal currents, but does not seem to 
occur along the open coast in this region. Specimens 
collected by Mr. E. Yale Dawson (1944) from the 
Gulf of California, and identified as G. Teedii 
(Roth) Lamour., are possibly identical with the 
writer's specimens. It seems likely that this plant is 


limited to warm sheltered water more or less agi- 
tated by tidal currents. 

This species is the only local representative of the 
Aciculares section of the genus as outlined by Set- 
chell and Gardner (1933) in accordance with the 
original divisions made by Agardh (1899). Judging 
by the few specimens of G. Teedii available for ex- 
amination, the California plant appears to differ 
from that plant in habitat, in the branching habit 
with less distinct main axes, and in the more dis- 
tinctly slender medullary filaments. Furthermore, 
spinose branchlets seem to arise frequently or at 
least occasionally from the fiat faces of the branches 
in the case of G . Teedii, but such branches seem 
never to occur in the local plant. 

Myriogramme repens sp. nov. (fig. 6) Frondes 
erectae e fundamento cylindrato et repente cum 
hapteris pluribus ; divisionibus erectis fere 5—8 mm. 
altis et 1.5— 2.0 mm. latis, simplieibus aut cristatis 
cum pluribus ramis ad fundamentum, monostroma- 
ticis extra in areas fructiferas, in parte media GO- 
SS (x crassis, ex cellulis 30-50 p crassis compositis; 
tetrasporangiis 50-65 p crassis, in soris dispersis 
400— 500 p crassis et plus aut minus orbicularibus ; 
cystocarpiis paucis, dispersis, 500-600 p crassis cum 
ostiolo ad uno piano; soris spermatangialibus paucis 
et dispersis aut areas irregulares ad apices f rondo- 
rum formantibus. 

Fronds erect from a cylindrical creeping and hap- 
terous base; erect blades mostly 5-8 mm. high and 
1. 5-2.0 mm. wide, simply or slightly proliferous — 
tufted from the base, monostromatic, except in fruit- 
ing areas where it is composed of 3 layers of cells, 
60-80 p thick in the center and thinner toward the 
margins, composed of cells 30-50 p in diameter; 
tetrasporangia 50-65 p in diameter, in more or less 
circular scattered sori 400-500 p in diameter; cysto- 
carps few, scattered, 500-600 p in diameter, with a 
short conical bulge terminated by a pore on one side 
of the thallus and with a low rounded bulge on the 
other side; spermatangial sori few and scattered or 
forming a single irregular patch toward the tip of a 
blade. 

The type material (Hollenberg number 2424) was 
collected from corallines along with Cryptopleura 
corallinara (Nott) Gardner at low tide level near 
Pt. Vicente, south of Redondo Beach, Los Angeles 
County, California, December 6, 1938. The plant 
was again collected in this vicinity a year later. This 
diminutive species is similar to M. Hollenbergii 
Kylin (1941), which the writer collected at Mon- 
terey. The southern plant is distinguished by its 
smaller size and its general shape and branching, 
but especially by the creeping rhizome. 

Heterosiphon ia asymmetria sp. nov. (fig. 7-9) 
Frondes erectae a ramis prostratis, vel 2 cm. altae, 
cum axibus principibus compressis, 200-290 p latis, 
et cum segmentis latitudine baud longioribus ; cellu- 
lis pericentralibus quinque, non transverse divisis, 
cum pericentralibus cellulis lateralibus maioribus et 
constanter cum una pericentrali cellula minore in 
altero latere ramorum compl anatorum et duabus in 
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altero latere; ramis invicem distichis, cum 2-3 seg- 
mentis inter ramos succedentes ; ramulis 1—2 mm. 
longis, ultimos ramulos monosiphonos et attenuatos 
cum apicibus rotundis et e (6)— 9— 12 cellulis 1—2 
diametros longis ferentibus ; axibus principibus levi- 
ter corticatis per filamenta longitudinalia lineas 
juncturarum cellularum pericentralium tegentia; 
antheridiis in omnibus lateribus plurium cellularum 
ad fundamenta ramulorum ultimorum et subultimo- 
rum cum apicibus sterilibus ; tetrasporangiis et cys- 
tocarpiis ignotis; plantae ad saxa affixae. 

Fronds erect from prostrate branches, to 2 cm. 
high ; main axes compressed, 200-290 /x wide, of seg- 
ments scarcely longer than wide; pericentral cells 
five^ never transversely divided, of unequal size, with 
two larger ones marginal in position and three small- 
er pericentral cells. Two of the latter are constantly 
one on one face and one on the other face of the flat- 
tened branches ; all branching alternate in one plane, 
with 2-3 segments between successive branches; 
branehlets 1-2 mm. long bearing tapering monosi- 
phonous ultimate branehlets with rounded tips and 
composed of (6')-9~12 cells 1-2 diameters long; 
main axes slightly corticated by longitudinal fila- 
ments covering the line of juncture of the pericen- 
tral cells ; antheridia covering continuously all sides 
of a number of cells at the bases of sterile-tipped 
ultimate and subultimate branehlets ; tetrasporangia 
and cystocarps unknown. Plants attached to rocks 
at low tide level. 

The type (Hollenberg 2253) is the only known 
material. It was collected at low tide level on rocks 
near Corona del Mar, Orange County, California, 
February 12, 1938. The five asymmetrically ar- 
ranged pericentral cells seem distinctive. In general 
aspect the plant resembles H. erecta described by 
Gardner (1927), and common along the coast of 
southern California. However, it is readily distin- 
guished from that species by the number and ar- 
rangement of the pericentral cells, by the compressed 
axes, and by the cortical filaments. It is also much 
more flaccid than H. erecta , with more slender mono- 
siphonous ramuli. In the flattened segments with 
larger marginal pericentral cells H. asymmetria re- 
sembles the type species H. BerMeyi described by 
Montagne (1842), but the latter is usually without 
cortication and has symmetrically arranged peri- 
central cells, often 8 in number. 

Porphyrella califomica sp. nov. Plantae palli- 
dae vel medae fusco-rubrae, irridescentae ovatae vel 
orbiculatae ad fundamentum cordatae aut, interdum 
elongatiores cum fundamento cuneato, praecipue si 
juvenes, per stipite breve affixae qui ex filamentis 
rhizoidis e cellulis inferioribus compositus est ; thal- 
lis ad 25 mm. latis, monostromaticis, 15-20 y crassis, 
cum cellulis dense aggregatis et 5—10 g crassis; 
spermatangiis 32-64 in quoque fasciculo in soris 
parvis irregularibus et dispersis ad marginem thalli ; 
plantae fere non epiphyticae. 

Plants medium to pale reddish brown iridescent, 
oval to orbicular and commonly cordate at the base 
or frequently more elongate with cuneate base when 


young, attached by a very short rhizoidal stipe; 
thalli up to 25 mm. broad, monostromatic, 15-20 g 
thick and composed of closely crowded cells 5-10 g 
in diameter and slightly longer in vertical section; 
cells each with a stellate chromatophore ; sperma- 
tangia in packets of 32—64 in small irregular scat- 
tered sori near the margin of the thallus ; carpogonia 
marginal, forming between spermatangial areas, lib- 
erated as undivided cells (carpospores ?) ; plants 
attached to rocks, limpets, colonial hydrozoans and 
only infrequently to other algae. 

The type material (Hollenberg number 1353) was 
collected from rocks, limpets, and colonial hydro- 
zoans from the midlittoral zone near Lady's Harbor 
on the north side of Santa Cruz Island off the coast 
of Southern California, April 19, 1936. The plant 
has also been collected at several places along the 
mainland coast of Southern California. 

Porphyrella Gardneri, described by Smith and 
Hollenberg (1943) occurs along the coast of central 
California and as far north as the coast of Oregon. 
It differs from the present species chiefly in its epi- 
phytic habit and shape of thallus, which is more 
constantly cuneate. 

The northern plant seems never to have the cor- 
date base so frequently characteristic of P. cali~ 
fornica. 

Petroglossum parvum sp. nov. Plantae fere 10- 
18 mm. altae, simplices aut fere cum nonnullis ramis 
lateralibus et simplicibus ad fundamenta; ramis 
ligulaformibus 0.8-1.5-(2.0) mm. latis et 60-120 g 
crassis; soris tetrasporangialibus et antheridialibus 
circularis et parvis, fere singulis et fere in centrum 
ramorum positis ; cystocarpiis fere in centrum ramo- 
rum positis. 

Plants 10—18 mm. high, simple or mostly with a 
few simple lateral branches from near the base; 
branches ligulate, 0.8-1. 5- (2.0) mm. wide and 60- 
120 g thick; tetrasporangial and antheridial sori 
small and circular, about half the width of the 
branches, occurring mostly singly near the center of 
the branches, a new tetrasporangial sorus frequent- 
ly appearing in terminal proliferations before an 
old one has completely disappeared in the main 
blade ; cystocarps similarly located and likewise oc- 
curring singly ; plants frequent on rocks at low tide 
level along the coast of southern California. 

The type material (Hollenberg number 672, tetra- 
sporic) was collected at low tide level at Laguna 
Beach, Orange County, California, March 1, 1935. 

In a recent communication, Lt. E. Yale Dawson 
reports finding a plant in the vicinity of La Jolla, 
which he concludes is P. parvum after examining 
some of the type collection. He also reports finding 
cystocarpic plants of the larger species, jP. pacificum, 
previously described by the writer (1943). His col- 
lections confirm the writer's conviction, based on 
many collections over a period of 10 years, that the 
smaller plant should be considered a new species as 
suggested in the original description of P. pacificum , 
although the male plant figured in that description 
(fig. 1), is confusingly intermediate in size and 
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branching, Tetrasporic plants of P. pacificum are 
still unknown. However, that species is not only 
larger and more abundantly branched, with thicker 
branches, but the cystocarps and antheridial sori 
usually occur near the branch tips or on small pro- 


liferous branches in P. pacificum , rather than occu- 
pying a more central position as in P. parvum . 
Department of Biology, 

University of Redlands, 

Redlands, California 
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CYTOGENETICS OF CERTAIN TRITICUM-AGROPYRON HYBRIDS AND THEIR 

FERTILE DERIVATIVES 1 

R. Merton Love and C. A. Suneson 


In 1938, Mr. W. J. Sando, U. S. Department of 
Agriculture, sent certain Triticum-Agropyron mate- 
rial to Davis, California, for observation and study. 
Included were two hybrid seeds of Triticum durum 
var. Mindum X Agropyron trichophorum and two 
of T. macha X A. trichophorum. The cytogenetics 
of these hybrids and some fertile derivatives there- 
from will be discussed in this paper. 

Material. — The parents. — Unfortunately, there 
is little information about the parents and what there 
is, is rather indirect. T. macha Dekapr. and Menahde 
(2n = 42) was found in Georgia, U.S.S.R. (Deka- 
prelevitch and Menabde, 1932). It was considered 
by them to be one of the progenitors of T. spelta L., 
but Chin and Chwang (1944) pointed out that while 
T. macha resembles T. spelta in the toughness of its 
glumes, it differs from the latter in that the rachis 
fractures above the point of attachment of the spike- 
lets and it has short awns. They reported finding up 
to 21 bivalents in hybrids between these two species, 
but meiosis was irregular, A. trichophorum (Link) 
Richt. has been reported as having 42 chromosomes 
(Araratian, 1938) but its chromosomes have not 
been studied during meiosis. It has been mentioned 
in various reports on hybridization projects between 
wheats and Agropyrons (White, 1940; Smith, 1942; 

1 Received for publication May 31, 1945. 


Zhebrak, 1944), but apparently it has been one of 
the less successful parents in such crosses. 

The first generation plants. — Two Fi plants of 
the cross T. durum var. Mindum (2n = 28) X A . 
trichophorum (2n = 42) were established. They 
were quite similar morphologically and in their rust 
reactions (table 1). Each had the expected number 
of 35 chromosomes, but the behavior of the chromo- 
somes during meiosis indicates a marked cytological 
difference between the two plants (table 3). 

Two Fx plants of the cross T. macha (2n = 42) 
X A. trichophorum (2n = 42) were established. 
These were similar morphologically and in their rust 
reactions (table 1). The one that set six seeds in 
1940 died in 1943. This plant was not examined cy~ 
tologically, but presumably it had 42 chromosomes. 
The other plant, which had set no seed, had only 41 
chromosomes (table 3). 

Fertility of all hybrids was extremely low; only 
a few seeds were set despite the annual production 
of 300 or more spikes by each plant. Beginning in 
1942, even more spikes have been produced annu- 
ally, for each plant was vegetatively divided into 1 1 
clones. This transplanting changed associations and 
proximities to other hybrids and may have influenced 
fertility. Natural crossing with adjacent plants is 
possible since the sterile florets remain open, and the 
stigmas receptive, for from six to ten days. On the 
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Table X. The first generation plants . 



Cross and accession 
number 

2n 

’39 

Number seeds set 

’40 ’41 ’42 ’43 

’44 

Rust 

reaction 

Spike characters 
Rachis Artie. Glumes 

Number of 
plants 
obtained 

Triticum durum var. Mindum 

X A gropyron trichophorum 
37306-1 35 

1 

12 

0 

0 

0 

0 

very resistant 

fragile above 

Pub. 

6 (198c) 

37306-2 

35 

0 

20 

2 

0 

0 

0 

very resistant 

fragile above 

Pub. 

5 (198d) 

Triticum madia X 

A. trichophorum 

37308-1 

42? 

0 

6 

0 

0 

0 


very resistant 

fragile above 

Pub. 

1 (198e) 

37308-2 

41 

0 

0 

0 

0 

0 

0 

very resistant 

fragile above 

Pub. 

0 


individual plants, flowering proceeded over a period 
of a month or more in each season. It should he 
pointed out that if natural crossing occurred, it was 
likely confined to these and other F* plants. 

The fertile derivatives . — From 13 and 22 seeds 
set by the two T. durum var. Mindum X -4* tricho- 
phorum hybrids, only six and five plants, respec- 
tively, were established in each line. With two ex- 
ceptions, they were about as vigorous as their respec- 
tive hybrid parents and morphologically similar to 
them, although stems, leaves, and spikes were indi- 
vidually larger on the fertile derivatives. They were 
somewhat less resistant to leaf and stem rusts (table 
2). Their seeds were light red, blue, or grey. They 
ranged in sizes from nearly as small as the grass par- 
ent to the equal of Mindum. Relatively few were of 
normal plumpness. 

From the six seeds set on the T . macha X ^ - tri-. 
chophorum hybrid, only 1 plant was established. 
This plant resembled the original hybrid in its very 
high resistance to both rusts, but it differed in hav- 
ing glabrous glumes, a semi-fragile rachis, and blue 
or red seeds intermediate between the parents in size 
and plumpness (table 2). It had 70 chromosomes 
(table 3). 

Although all the derivatives, except 198c— 1 and 
198c-6, set many more seeds than did the original 


hybrids, there is a marked variation in fertility of 
the different plants. Thus, the annual seed produc- 
tion of 14 grams for plant 198d-2 is expressed as a 
relative fertility index of 150 (table 2). Non-viable 
seeds are commonly produced by these plants. 

Cytological analysis. — Of the 12 plants in table 
2, five have been examined cytologically and com- 
pared with the Fx plants (table 3). Material was 
collected and slides prepared as previously reported 
(Love, 1940). Meiotic material of the three Fi 
plants was collected the same afternoon so that any 
cytological differences observed must be intrinsic. 
Material of the other plants was collected at differ- 
ent times so that comparisons here are not so accu- 
rate. Fifty nuclei at first metaphase were completely 
analysed and 200 tetrads were examined in each 
plant. The photomicrographs were taken at a mag- 
nification of Xfiso. 

T. durum var. Mindum (2n = 28) X -4. tricho- 
phorum (2n J$) . — As seen by the data summa- 
rized in table 3, the two F x plants differed markedly 
in their meiotic chromosome behavior (fig. 1 and 2). 
Whereas the first had an average of 1.60 pairs with 
a maximum of four pairs, the second had an average 
of 6.06 with a maximum of 10 pairs and a chain of 
three chromosomes. In the former plant the 35 chro- 
mosomes were paired in five different ways in the 


Table 2. The fertile derivatives. 


Fj parent 

Progenies 

established 

Longevity 

(years) 

Spike characters 
Rachis Glumes 

Seed characters 

Color Size index 

Rust 

reaction 

Relative 

fertility 

37306-1* 

198C-1 

1 

This plant was a sterile dwarf 



0 


-2 a 

3 

Fragile 

Pubescent 

Light red 

4-10 

Susc. to leaf 

75 


-3 

4+ b 

Fragile 

Pubescent 

Light red 

2-9 

rust; moder- 

15 


. —4 

s-f- 

Fragile 

Pubescent 

Red or grey 

3-10 

ate resist, to 

30 


-5 

3+. 

Fragile 

Pubescent 

Red or grey 

2-10 

stem rust 

25 


-6 a 

1 

? 

? 

? 

? 


0 

37306-2 a 

198d-! 

4-b 

Fragile 

Pubescent 

Blue or grey 

2-6 

Res. to leaf 

37 


-2 a 

4+ 

Fragile 

Pubescent 

Red, blue, or grey 

5-8 

rust 

150 


-3 a 

4+ 

Fragile 

Pubescent 

Red or blue 

3-6 

moderate 

25 


-4 

4+ 

Fragile 

Pubescent 

Light red 

4-8 

res. to 

50 


-5 

3+ 

Fragile 

Pubescent 

Light red 

4-8 

stem rust 

37 

37308-1 

19Se-l a 

4+ 

Semi- 

Glabrous 

Blue or red 

5 

Res. to both 





fragile 




rusts 

100 


a Plants studied cytologically. 

Plus sign means the plant was alive January 13, 1943, and subsequently plowed up (3+) or transplanted (4+)* 
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Table 3. Summary of meiotic chromosome behavior. 


T. durum var. Mindum T. macha 
X X 


Fertile derivatives® 


A. trichophorum A. trichophorum ex 37306-1 ex 37306-2 ex 37308-1 



37306-1 

37306-2 

37308-2 

198c-2 

198c-6 a 

198d-2 

198d~3 

198e-l 

2n 

35 

35 

41 

56 

35 

70 

70 

70 

Univalents 

Range 

27-35 

12-27 

13-31 

15-26 

21-35 

9-30 

19-41 

14-33 

Average 

31.80 

20.22 

22.64 

21.10 

28.16 

19.56 

28.34 

22.64 

Bivalents 

Range 

0-4 

3-10 

4-13 

14-20 

0-6 

17-27 

11-22 

14-24 

Average 

. 1.60 

6.06 

7.70 

16.58 

3.26 

21.88 

17.72 

18.62 

Closed bivalents 

Range 

0-1 

0-2 

0-3 

3-11 

0-1 

4-17 

2-12 

3-10 

Average 

0.02 

0.32 

1.10 

7.80 

0.16 

10.78 

6.94 

7.03 

Chains of three 

Range 


0-3 

0-3 

0-2 

0-2 

0-5 

0-4 

0-6 

Average 


0.86 

0.88 

0.58 

0.08 

1.80 

1.36 

2.10 

Chains of four 

Range 


0-2 

0-1 


0-1 

0-2 

0-2 

0-3 

Average 


0.32 

0.80 


0.02 

0.32 

0.48 

0.82 

Chains of five 

Range 







0-1 

0-2 

Average 







0.02 

0.06 

Chains of six 

Range 







0-1 

0-1 

Average 



... 




0.02 

0.04 

Chromosomes synapsed 

Range 

0-8 

8-23 

13-28 

30-41 

0-12 

40-61 

29-51 

37-56 

Average 

3.20 

14.78 

18.36 

34.90 

6.84 

50.44 

41.66 

47.36 

Chromosomes involved in 
Range 

multiple 

associations 

0-9 

0-10 

0-6 

0-6 

0-17 

0-14 

3-20 

Average 


2.66 

5.84 

4.74 

0.32 

6.68 

6.22 

10.12 

Number of different pairing arrangements 1 * 

5 20 

27 

14 

11 

30 

36 

44 

Percentage irregular pollen tetrads 

100 

93 

90 

100 

p 

100 

89 

100 

Micronuclei per tetrad 

Range 

1-7 

0-7 

0-6 

1-12 

? 

2-18 

0-16 

1-15 

Average 

3.35 

2.31 

2.11 

5.90 

? 

9.08 

2.59 

5.96 

Percentage cells with one 

or more 

0 

inversion bridges 

4 25 

0 

? 

1 

49 

9 


a Plant 198c-6 was sterile. 
b See explanation in the text. 


50 cells examined. In the latter there were 20 dif- 
ferent pairing arrangements. Closed bivalents were 
rare in both plants. 

Little is known of the chromosomal constitution 
of the parents. Thus, it is impossible to decide 
whether the differences found in the two Fi plants 
should be ascribed to strain differences in the par- 
ents used in this particular cross, or to genes which 
reduce pairing in one of the plants. At any rate, the 
parents have few chromosomes in common, and the 
lack of ring bivalents in the hybrids indicates that 
what pairing occurs is due to homology of parts of 
chromosomes (homoeology) rather than of whole 
chromosomes. 

The fertile derivatives . — Meiotic chromosome be- 
havior in these plants is very complex (table 3). 
Two of the progeny of 37306-1 were examined cyto- 


logically. One of these, 198c-6, had 35 chromosomes 
(fig. 3) and was sterile. Pairing in this plant, though 
weak, was twice that in its parent. This plant is 
mentioned because it indicates one of two possibili- 
ties: either an unreduced, unfertilized gamete was 
functional, or two partially reduced gametes com- 
bined to produce a fairly viable plant. 

The other plant, 198c—2, had 56 chromosomes 
(fig. 4) with a maximum of 20 pairs of which eleven 
were ring bivalents. In this instance, it is obvious 
that at least one partially reduced gamete was in- 
volved. The minimum number of univalents in 
198c-2 was 15. 

The two fertile derivatives, 198d~2 and 1 98d-3, 
progeny of 37306—2, had the amphidiploid number 
of chromosomes (2n = 70), but the meiotic chro- 
mosome behavior does not resemble that expected 








i 



$'Jii 




Fig 1-8.— Aceto-carmine smears of first meiotic metaphases. X580. — Fig. 1-2. T. durum var. Mindum X A. tri- 
chophorum F x (2n = 35).— Fig. 1. Plant 37306-1. l n + SS^— Fig. 2. Plant 37306-2. 6 n + 23 x .— Fig. 3-6. Deriva- 
tives of Mindum X -4. trichophorum.— F ig. 3. Plant 198c-6 (2n = 35). 3 n + 29 r (1 closed pair).— Fig. 4. Plant 
198c-2 (2n = 56). 18 n + 20 r (8 closed pairs). — Fig. 5. Plant 198d-2 (2n = 70). 2 m + 24 n + ( 9 closed 

pairs).— Fig. 6. Plant 198d-3 (2n = 70). 2 m + 18 n + 28x (10 closed pairs). Note the ring univalent.— Fig. 7. 
T.macha X A, trichophorum ¥ 1 Plant 37308-2 (2n = 41). 12 n + 17 x (1 closed pair).— Fig. 8. Derivative of T. 
macha X A. trichophorum. Plant 198e-l (2n = 70). 3 ni + 2 In -f- 19j (15 closed pairs). 


in amphidiploids. In an artificially induced amphi- 
diploid of Aegilops cylindrica Host (2n = 28) X 
Triticum durum (2n = 28), Sears (1944) found an 
average of 3.6 univalents with a range of from 0 to 
12, which he considered abnormally high. He did, 
however, find some nuclei with the expected 28 
pairs. In neither 198d-2 (fig. 5) nor 198d-3 (fig. 6) 
were 35 bivalents seen. Rather, 27 was the greatest 
number observed in the former, and 22 in the latter 
plant. Furthermore, the maximum number of closed 
pairs (members of which might be considered to be 
more or less completely homologous) was 17 in 
198d-2 and only 12 in 198d-3 (table 3). The for- 
mer plant had a minimum of 9, and the latter a mini- 
mum of 19 univalents. It is difficult to attribute the 
2n number of these plants to somatic doubling in 
the hybrid. It seems more reasonable to suppose that 
198d-2 resulted from the union of unreduced gam- 


etes, the unreduced male gamete being contributed 
by 37306-1. This assumption is corroborated by the 
high fertility of 198d-2 (table 2) and the pairing 
arrangements observed. 

The “sister” plant, 198d-3, had a significantly 
smaller number of synapsed chromosomes and it was 
only one-sixth as fruitful as 198d-2. In it was seen 
by far the greatest frequency of inversion bridges 
(table 3). It was characterized by a “ring” univa- 
lent (fig. 6). It is assumed that the unreduced egg 
in this instance was fertilized by a partially reduced 
male gamete from another hybrid, perhaps 37308-1. 
If this did occur, most of the chromosomes in the 
male gamete must have been Agropyron rather than 
Triticum chromosomes. Plant 198d— 3 was the small- 
est, as well as the least fertile of the 198d deriva- 
tives. It was intermediate, morphologically, between 
198d— 2 and 37306-2. 
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r L\ macha (2n = Jf2) X A, trichophorum (%n — 
Jf2 ), — The cytological picture is somewhat clouded 
by the fact that the F x hybrid examined (37308-2) 
had only 41 chromosomes (fig. 7). A maximum of 
three closed pairs observed indicates that the par- 
ents have very few chromosomes in common, even 
though there was sufficient homology to give a maxi- 
mum of 13 pairs (table 3). No seed has been set by 
this plant. 

The fertile derivative . — Plant 198e— 1 was de- 
rived from a sister plant, 37308-1 (which presum- 
ably had 42 chromosomes), and had 70 chromosomes 
(fig. 8) with a maximum of 24 pairs, only 10 of which 
were ring bivalents. As many as 20 chromosomes 
were involved in multiple associations in some nu- 
clei. As many as six chains of three were observed 
in some cells, and occasionally three chains of four 
chromosomes occurred. A total of 44 different pair- 
ing arrangements were observed in the 50 nuclei 
examined (table 3). The plant was fairly fertile and 
as rust resistant as its female parent. The pairing 
behavior of the chromosome suggests that 198e-l 
may have resulted from the fusion of an unreduced 
egg and a partially reduced (28-chromosome) male 
gamete from an Fi hybrid involving T. durum Desf. 
or T. aestivum L. This would also account for the 
semi-fragile rachis possessed by 198e-l. 

Discussion. — It would seem obvious, from the ar- 
ray of data presented above, together with the theo- 
retical considerations arising therefrom, that it 
would be futile to attempt to ascertain the chromo- 
somal constitution of the fertile derivatives on the 
basis of pairing by chromosome sets. The results 
reported above emphasize the statements of Thomp- 
son (1931), Dobzhansky (1941), and Love (1941), 
that extreme caution must be used. However, it must 
be admitted that such analyses have supplied in the 
past (see review by Thompson, 1931), and still are 
supplying (Sears, 1944; Stebbins, Tobgy, and Har- 
lan, 1944), definite clues concerning genetic and 
taxonomic relationships of polyploid species. 

The sterile hybrids have been growing during a 
6-year period and are vegetatively vigorous, produc- 
ing more than 300 spikes annually. Yet 38 of the 41 
seeds set were obtained in 1940 (table 1). Twelve 
progeny plants have been established and five have 
been examined cytologically. Only two (198d-2 and 
198d~3) have the expected amphidiploid chromo- 
some number, but the pairing behavior of their chro- 
mosomes is not that expected in amphidiploids (table 
3; fig. 5 and 6). The remaining three derivatives ex- 
amined (198c-2, 198c-6, and 198e-l) have not the 
amphidiploid number of chromosomes (table 3; fig 
3, 4, and 8), and these must have arisen through the 
fortuitous union of non-reduced or partially reduced 
gametes. 

Thompson and Armstrong (1932) reported that 
many partially reduced gametes, with only parts of 
sets of seven chromosomes included, failed to func- 
tion or at least to produce viable offspring. They 
concluded that two or three chromosomes of a set 
disturbed the genic balance in such gametes so that 


they were handicapped in competition with gametes 
containing complete sets of chromosomes. It seems 
evident from the data presented in this paper that 
partially reduced gametes with complete sets of 
seven chromosomes were produced in this material. 
Although there must have been a very limited pro- 
duction of such gametes, they would have distinct 
advantages in competition with other gametes. 

The production of fertile derivatives by the union 
of unreduced or partially reduced gametes indicates 
that such a method of polyploid production is pos- 
sible (if not common) in nature. This method of 
polyploid production with its concomitant fertility 
might be expected to lead to entirely different re- 
sults from those obtained from somatic doubling in 
the hybrid followed by normal gamete production. 
Where polyploid formation depends upon haphazard 
union of unreduced or partially reduced gametes 
(the only apparent limitation being that elimination 
of chromosomes by sets is necessary), stability is 
not to be expected in the next generation. The cy- 
tology of later generations will be published sepa- 
rately, but it may be mentioned here that the 12 
plants of the succeeding generation so far examined 
varied in chromosome number from 60 to 74, with 
10 of the plants having less than 70 chromosomes. 
Armstrong and McLennan (1944) obtained similar 
results on their artificially induced amphidiploids 
in other Triticum- Agropyron material, so that other 
techniques may have to be devised for comparing 
fertile derivatives produced by the two methods. 

The study herein reported is not a controlled ex- 
periment. A program now under way on the same 
material includes artificial backcrosses, outcrosses, 
and doubling of the original hybrids. The results 
should provide a comparison between the artificial; 
and natural production of fertile derivatives from 
sterile hybrids. 

SUMMARY 

There is very little homology between chromo-; 
somes of Triticum durum var. Mindum (2n — 28)| 
and Agropyron trichophorum (2n = 42). One sterile! 
derivative (2n = 35) and three fertile derivatives; 
(with 2n numbers of 56, 70, and 70) were examined.; 
The 56-chromosome plant is obviously not an amphi-j 
diploid, and the large number of unpaired chromoj 
somes in the other two fertile plants indicates that 
they, too, are not amphidiploids. Lather, they owe 
their origin to random fertilization of partially rej 
dueed and non-reduced gametes. j 

There is also little homology between chromo- 
somes of T. macha (2n == 42) and A. trichophorum 
(2n == 42). The one fertile derivative obtained fron 
this hybrid had 2n == 70, again obviously not ai 
amphidiploid number. j 

Although the sterile hybrids have been growin| 
during a 6-year period, one seed was obtained ii 
1939, 38 seeds in 1940, and two in 1941. From thi 
41 seeds, only 12 plants have been established. Fiv 
of these have been examined cytologically and onl 
two have the amphidiploid number of chromosome 
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(but these do not have the expected amphidiploid 
chromosome behavior). Allopolyploids, under favor- 
able conditions such as must have obtained in 1940 
for this material, can be produced by the fortuitous 
union of compatible gametes. It is suggested that 
this method of allopolyploid production may be of 
more frequent occurrence than is commonly recog- 
nized. 
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ORIGIN AND DEVELOPMENT OF SCLEREIDS IN THE FOLIAGE LEAF OF 
TROCHODENDRON ARALIOIDES SIEB. & ZUCC. 1 

Adriance S. Foster 


A large number of Angiosperms are characterized 
by the presence of ramified sclereids dispersed in a 
variety of patterns in the “fundamental tissue sys- 
tem” of the foliage leaf. In some cases, as in the 
petiole of Camellia (Foster, 1944), the sclereids oc- 
cur within rather compact tissue. But very common- 
ly, these bizarre elements are found in the midst of 
highly laeunate tissue with their branches extending 
freely into the intercellular spaces. Classical exam- 
ples of the latter condition are provided by the 
sclereids of certain aroids (van Tieghem, 1866) and 
water lilies (Giirtler, 1905). Although considerable 
attention has been paid to sclerenchymatous idio- 
blasts from the standpoint of their diagnostic value 
in systematic anatomy (Solereder, 1908 ; Bailey and 
Nast, 3944, 1945; Foster, 1944, 1945), the many 
fundamental problems posed by their ontogeny have 
received only meager consideration. Prominent 
among such problems is the question of the intercel- 
lular relationships which occur during the enlarge- 
ment and ramification of the sclereid. Does “gliding 
growth” occur, in the sense of a literal “slip” be- 
tween the extending arms of the idioblast and the 
1 Received for publication May 21, 1945. 


walls of adj acent parenchymatous elements ? Or, 
is the branching of the “intrusive type” discussed by 
Sinnott and Bloch (1939, 1943), in which only the 
growing tips wedge their way between neighboring 
cells? As a background for future experimental 
studies, data obtained by the conventional histologi- 
cal methods are obviously needed. In an effort to 
contribute to this greatly neglected aspect of plant 
histogenesis, a detailed ontogenetic study has been 
made of the foliar sclereids in Trochodendron and 
the results are set forth in the present article. 

Trochodendron was selected for several reasons. 
First of all, the study of a wide range of material 
has shown that the foliar sclereids of this species are 
remarkably polymorphic, ranging in form from ra- 
diately-branched to fiber-like cells (Foster, 1945, 
plates 1-4). The intercellular relationships of de- 
veloping cells of such varied form clearly provide 
a rich held for ontogenetic study. Secondly, prelimi- 
nary investigation showed that the sclereids occur 
within the highly laeunate tissues of the petiole and 
lamina. Consequently, an opportunity is provided 
for investigating the relation of the early stages in 
sclereid ontogeny to the developing intercellular 
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spaces. Lastly, information on the developmental 
history of the distinctive sclereids of Trochodendron 
contributes further to our enlarging knowledge of 
a remarkable and, in many respects, unique dicotyle- 
don (Bailey and Nast, 1945; Smith, 1945). 



Fig. 1. Camera lucida drawing of a portion of a tran- 
section through the mature lamina showing the intercel- 
lular relationships of a large branched sclereid in the 
lacunate spongy parenchyma. A small nucleus (stippled) 
is present in the central lumen of the sclereid and several 
canal-like pits are evident in the thick, secondary wall. 
Parenchyma cells adjacent to the sclereid are conven- 
tionally distinguished from air spaces by means of stip- 
pling just within the cell walls. X230. 

Material and technique. — The material was 
collected from the same plant used in a previous 
investigation (Foster, 1945) and acknowledgment 
is made to Mr. Eric Walther for his generous coop- 
eration. Foliage leaves in various stages of develop- 
ment up to maturity were collected from expanding 
shoots in late May and early June of 1944. To se- 
cure rapid penetration of the killing fluids, petioles 
and laminae were subdivided into small portions and 
the air removed by means of an aspirator. F ormalin 
— acetic acid — ethyl alcohol (Sass, 1940, p. 16) gave 
satisfactory results for adult leaf tissue but caused 
severe shrinkage of the protoplasts and delicate pri- 
mary walls of young sclereids. Good fixation of this 
material was obtained by using several types of 
CRAF killing fluids, the most successful of which 


was made according to formula III as given by Sass 
(1940, p. 19, table 2). Dehydration, clearing with 
xylene and infiltration with paraffin were performed 
by the general procedure recommended by Ball 
(1941). Serial trans- and longisections of the peti- 
ole and trans- and paradermal sections of the lami- 
na were cut eight to ten microns in thickness and 
stained by using tannic acid-iron chloride in con- 
junction with safranin (Foster, 1934) . As in the case 
of the petiole of Camellia , it proved necessary to 
soften imbedded pieces of mature leaf tissue of 
Trochodendron by using a solution of glycerine- 
alcohol (cf. Foster, 1944, p. 303), 

Grateful acknowledgment is made to my wife, 
Helen Vincent Foster, for her assistance with the 
illustrations used in this article. 

Intercellular relations of the adult scle- 
reids. — Before describing the origin and develop- 
ment of the sclereids, it is necessary to explain brief- 
ly their position and intercellular relations in the 
mature foliage leaf. With reference to their general 
distribution and form, little need be added to the 
account given in a recent paper (Foster, 1945). In 
both the petiole and lamina, the sclereids appear as 
idioblasts in the midst of highly lacunate parenchy- 
ma. Sclereids occur at various levels throughout the 
spongy parenchyma but have never been observed 
within the two-layered palisade parenchyma (fig. 
1). Likewise in the petiole, the sclereids are con- 
fined to the inner lacunate cortex 2 and, in marked 
contrast with the situation in Camellia , are absent 
from the relatively compact, collenchymatous hypo- 
dermal parenchyma (fig. 18). 

Serial sections clearly show that many of the 
radiating, spiculate arms of the sclereids lie freely 
within large intercellular spaces. But it is also evi- 
dent that certain of the branches have grown be- 
tween neighboring parenchyma cells and that their 
tips and spicules are imbedded in the tissue border- 
ing the air lacunae (fig. 1, 26). One additional rela- 
tionship must be mentioned, viz.: the presence in ; 
many sclereids of one or more vertical arms which | 
extend from the central body of the cell toward one j 
or both epidermal layers. This situation is particu- t 
larly interesting in the rather frequent cases when 1 
one or more vertical branches protrude into the lay- 
ers of palisade parenchyma. In no instance however [ 
have vertical or oblique branches been observed in 
direct contact with the inner tangential walls of the 
epidermal cells. j 

Origin and structure of sclereid initials, — [ 
The most satisfactory cytological fixation was ob- 
tained with laminar portions cut from the “soft” 
and still expanding leaves of elongating shoots. j? 
Serial sections of such material reveal that althoughj 
sclereids in well-advanced stages of development 
are present (fig. 17), new initials are also originat- 
ing at various levels in the young spongy parenchy-l; 
ma (fig. 20, upper left). In other words, the origin 

2 Cf. Bailey and Nast (1945, plate 1, fig. 4-5) for illus-t 
t rations of the general anatomy of the petiole of Trocho 4 
dendron . ■ j 






59 










Oct., 1945] 


FOSTER SCLEREIDS IN TROCHODENDRON 


463 


of laminar sclereids is not limited to the early phases 
of tissue maturation but occurs over a relatively ex- 
tended period of time. As a result, the “cellular envi- 
ronment’' under which the sclereids begin develop- 
ment varies widely, particularly with respect to the 
relative size of the neighboring air spaces (fig. 4, 
5, 6, 11, 12, 24). 

Regardless of its position in the spongy paren- 
chyma, the sclereid initial is a relatively small poly- 
hedral cell which is distinguished from neighboring 
tissue elements by the larger size of its nucleus (fig. 
2, 4, 5, 6, 11, 12, 24). In other respects, e.g*, general 
shape, thin wall and the presence of small plastids, 
the initial closely resembles a young mesophyll cell. 

The relation of sclereid initials to adjacent cells 
and to the developing air-space system is clearly 
shown by a comparison of trans- and paradermal 
sections cut through the adaxial region of the young 
spongy parenchyma. As is shown in figures 2 and 
17, this region consists of two distinct layers of cells. 


In transectional view, the sclereid initials appear as 
isolated polygonal cells, in tight contact with the 
cells lying above and below them but separated from 
their neighbors in the same layer by small irregular 
air spaces (fig, 2), Paradermal sections are particu- 
larly instructive since they reveal all the lateral con- 
tacts between the initial and its neighbors and more- 
over illustrate clearly the complications produced by 
the developing intercellular spaces. Figure 5, for 
example, illustrates a typical situation in which the 
sclereid has lost certain of its original lateral con- 
tacts through the development of small intercellular 
spaces. At first these spaces bordering upon the scle- 
reid initial are isolated from one another and appear 
triangular or quadrangular in sectional view. As 
development continues, however, adjacent spaces 
enlarge and become confluent, not only in the vicinity 
of young sclereids but throughout the layer of meso- 
phyll cells. As a consequence, the size and shape of 
the intercellular spaces as seen in an extensive para- 


Fig. 2-4. Camera lucida drawings of sections through the adaxial region of expanding leaf blades illustrating early 
stages in sclereid development. Spongy parenchyma cells are conventionally distinguished from air spaces by stip- 
pling just within the cell walls. Fig. 2-3, transections, Fig. 4, paradermal section. — Fig. 2. Young sclereid beginning 
development in contact with inner of two layers of young palisade parenchyma. — Fig. 3. Young sclereid with three 
embryonic branches protruding into adjacent air spaces. — Fig. 4. Intercellular relations of four young sclereids de- 
veloping within layer of embryonic spongy parenchyma. Note great variety in size and shape of intercellular 
spaces. X720. 


Fig. 5-10. Camera lucida drawings of paradermal sections through the embryonic layer of spongy parenchyma 
illustrating early stages in sclereid ontogeny. Parenchyma cells are conventionally distinguished from air spaces by 
stippling just within the cell walls. — Fig. 5-6. Sclereid initials. Note variation in size of adjacent intercellular spaces 
in the two figures. — Fig. 7. A young sclereid with papillate branch-primordia extending into neighboring air spaces. — 
Fig. 8. More advanced stage in branching. Note that the paired branch primordia at the top and left of the sclereid 
are at different levels. — Fig. 9. The invasion of an air space by a trio of branch primordia. — Fig. 10. The amoeboid 
appearance typical of a more advanced stage in development. Note that two of the larger branches have traversed 
neighboring air spaces and are extending between cells in their path. X720. 


Fig. 11-16. Camera lucida drawings of paradermal sections through the lacunate abaxial region of the developing 
spongy parenchyma illustrating early stages in sclereid ontogeny. Parenchyma cells are conventionally distinguished 
from air spaces by stippling just within the cell walls. — Fig. 11-12. Sclereid initials, showing variations in their sec- 
tional form and their relationships to adjacent cells and air spaces. — Fig. 13. A young sclereid with three branches 
radiating into adjacent air spaces. — Fig. 14. An early stage in branching. Note that the curved cell-plate in the 
dividing cell at the right of the sclereid is oriented perpendicularly to the adjacent air space. Divisions of this type 
produce circles of cells which enclose polygonal air spaces. — Fig. 15-16. Two stages of dichotomous branching within 
prominent air chambers. Near the base of the larger of the two branches of the sclereid in figure 16, a new branch 
promordium has originated. X720. 


Fig. 17-22. Camera lucida drawings of sections illustrating advanced stages in sclereid ontogeny. Parenchyma cells 
adjacent to the sclereids are conventionally distinguished from air spaces by stippling just within the cell walls. — 
Fig. 17. Transection of a portion of an expanding lamina showing the form and intercellular relationships of a large 
sclereid within the spongy parenchyma. — Fig. 18. Transection of a small portion through the epidermis and cortex of 
an elongating petiole, showing the intercellular development of a large sclereid within the lacunate parenchyma. Note 
the dichotomous branching of the tips of the two longest branches. — Fig. 19. Longisection through the lacunate 
parenchyma of a young petiole showing the complex branching of a sclereid within the longitudinal air chambers. A 
very young sclereid is seen above this cell. — Fig. 20. Paradermal section through a large sclereid in the spongy 
parenchyma of the lamina. Note the complex type of branching and the invasion of air spaces and new tissue by the 
growing arms. A sclereid initial (shown with nucleus and young plastids) is seen at the upper left of this figure. — 
Fig. 21. Paradermal section showing a large proportion of the sclereid branches within the adjacent air cavities. — 
Fig. 22. Transection of a small portion of the lacunate spongy parenchyma illustrating the growth of a sclereid 
branch between cells and its entrance into an air space. X36Q. 


Fig. 23-24. Oil immersion photomicrogftiphs of paradermal sections of advanced stages in sclereid ontogeny. Note 
the amoeboid appearance of the sclereids, and their large nuclei and delicate primary walls. — Fig. 23. The left branch 
of the sclereid has traversed a large air chamber, dichotomized and the tips have grown between cells. The upper tip 
is entering a new air chamber. — Fig. 24. A considerable part of the central body of the sclereid lies within a large 
air chamber, and the forked tip of the left branch has just entered a new lacuna. At the base of the figure, one of 
the delicate tubular branches of a much younger idioblast lies within the same air space occupied by the larger 
sclereid, X8O0. 
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dermal section vary within wide limits (fig. 4). An 
important factor in the continued enlargement of 
the intercellular spaces consists in the repeated divi- 
sion and enlargement of many cell groups which 
surround polygonal air spaces. Since the new divi- 
sion walls are typically inserted at right angles to 
the air spaces, rather well-defined circular cell 
groups result. A clear example of this is shown at 
the upper left of the central sclereid in figure 4. 
Not infrequently, one or more of the cells of these 
circular groups are sclereid initials (fig. 6) which, 
unlike their neighbors, soon begin to grow into the 
central air lacuna. 

In the lower highly lacunate region of the develop- 
ing spongy parenchyma, the sclereid initials are 
flanked by large circular or polygonal air spaces. 
Frequently, as seen in paradermal sections, the ini- 
tial is hexagonal in shape, with three of its faces 
bordering upon the adjacent lacunae (fig. 11). In 
other cases, however, irregular divisions and en- 
largement in the adjacent mesophyll cells result in 
less symmetrical relationships (fig. 12). 

Intercellular development of sclereids. — 
Originating within the developing spongy paren- 
chyma as a small polyhedral cell, the sclereid initial 
enlarges and begins its highly individualistic devel- 
opment (fig. 7-10). The difficulties of interpreting 
the three-dimensional form of such a growing, rami- 
fying cell are obvious and may be solved only by the 
use of the wax-plate reconstruction technique which 
has been employed in studying the shapes of paren- 
chyma cells (Lewis, 1944). However, the following 
account is based upon the careful examination of 
a wide series of closely-connected developmental 
stages and is believed to cover the salient features 
of sclereid ontogeny. 3 

The earliest phases of branching consist in the 
extension of small papillate protuberances into cer- 
tain of the air spaces which border upon the young 
sclereid. It seems evident from a comparison of 
trans- and paradermal sections that such” protuber- 
ances may begin growth nearly simultaneously at 
different levels from various faces of the same cell 
(fig. 3, 7, 8, 9). In other words, radiate branching 
is initiated during the very early stages of ontogeny. 
Since branch initiation is accompanied by a general 
enlargement of the sclereid, the cell soon loses its 
original polyhedral form and appears as an irregu- 
larly-lobed structure which is actively expanding 
into the neighboring air spaces (fig. 8-10, 13-16). 
At this stage, the relation of the young sclereid to 

3 The present investigation is necessarily limited to a 
study of the ontogeny of the ramified type of foliar 
sclereid in Trochodendron. Data on the development of 
the fiber-like types described in detail in a recent article 
(Foster, 1945, p. 157-158) will not be available until col- 
lections of living material can be secured from Formosa. 


adjacent cells is relatively clear, particularly in 
paradermal sections through highly lacunate regions 
of the spongy parenchyma. In such cases, the origi- 
nal cell contacts between the sclereid and its neigh- 
bors in the same cell layer are perfectly evident 
(fig. 13-16), But in more compact regions of the 
parenchyma, the original intercellular relationships 
soon become obscured for several reasons. First, the 
young mesophyll cells surrounding the sclereid are 
still dividing (fig. 14). Consequently, the number 
of cell contacts between the enlarging sclereid and 
adjacent tissue elements undoubtedly increases, at 
least for a time. In the second place, certain of the 
original contacts between the sclereid initial and its 
neighbors are lost during early growth because of 
the origin and enlargement of new intercellular 
spaces. This has undoubtedly occurred in the case of 
the young sclereid in the center of figure 4. Lastly, 
the rapidly-extending arms of the young sclereid 
sooner or later traverse the small intercellular spaces 
into which they have extended and hence come into 
direct contact with new tissue elements between 
which they continue to grow and ramify (fig. 8, 10). 
It is thus apparent that the form and cell contacts 
of a young sclereid at a given stage in ontogeny de- 
pend upon the interaction of a changing series of 
factors. Perhaps the most definitive of these factors 
is the progressive invasion of new air spaces and 
new tissue by the rapidly-growing arms of the scle- 
reid (fig. 10). These later phases in ontogeny will 
now be described. 

Because of the irregular nature of branching, sec- 
tional views of advanced stages in sclereid develop- 
ment present a series of widely variable cell forms. 
A representative transectional view is shown in fig- 
ure 17. At the level of section illustrated, the main 
body of the sclereid is firmly in contact with the cells 
of a vertical plate of young parenchyma cells which 
are flanked on each side by prominent air lacunae. 
Extending into these spaces from the central body 
of the sclereid are a series of developing arms and 
protuberances, the two longest of which have trav- 
ersed the spaces and grown in between certain of 
the cells in their path. Exceptionally clear examples 
of the capacity of sclereid branches to grow from 
one air space into an adjoining cavity through inter- 
vening tissue are depicted in figures 22 and 25. 

When advanced stages in ramification are studied 
in paradermal sections, the sclerids appear as amoe- 
boid structures with their lobes and dichotomizing 
arms often occupying a large part of the adjacent 
air lacunae (fig. 20, 21, 23, 24). Since the direction 
of growth of the radiating arms of the sclereid are 
often oblique with reference to the plane of section, 
it is impossible to trace the termination of many of 
the ramifications (fig. 21). But it is clear in those 


Fig. 25-26. — Fig. 25. Oil immersion photomicrograph of a paradermal section of a large sclereid illustrating very 
clearly, at the left, the tip of one arm growing between cells and entering an air chamber. The small scattered dis- 
coid bodies in the cytoplasm of thi6 sclereid presumably are plastids, X 800,— Fig. 26. Photomicrograph of a para- 
dermal section through the spongy parenchyma of a fully-expanded lamina showing the early stages in formation of 
the secondary wall of a large sclereid. The nucleus is seen next to the wall at the right. Above and to the right of 
this cell, a young sclereid has sent out a delicate tubular branch into an adjacent lacuna. X325. 
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cases where a portion of the branches lie in the hori- 
zontal plane that complex and widely-fluctuating 
intercellular relationships arise. Often a given arm 
forks or even becomes trifurcate during its early 
growth within an air space (fig. 10, 16). When such 
a dichotomous branch in its further growth reaches 
a cellular partition, one of the alternatives is fol- 
lowed, viz.: (1) both of the tips may grow at the 
same level between the cells- in their path and enter 
a new air space (fig. 24), or (2) the tips may diverge 
in the direction of their growth, each one entering a 
separate air space or else invading additional tissue 
(fig. 20). Successive stages in the second possible 
method of growth are illustrated by figures 10 
and 28. 

In highly lacunate portions of the spongy paren- 
chyma the arms of several different separated scle- 
reids may often be seen within the same lacuna. An 
interesting example of one of the ways in which this 
condition arises is shown in figure 24. Near the 
lower edge of the photomicrograph a delicate tubu- 
lar branch of a young sclereid is seen extending into 
the same air space as that partly occupied by cer- 
tain of the ramifications of the large radiately- 
branched sclereid. Many examples were found where 
the lobes and branches of different sclereids ap- 
peared to be interlocked. Whether, in these cases 
literal ‘‘cell fusion” occurs, as a result of the break- 
down of the tenuous walls, is difficult to determine. * 
No convincing evidence has been found however to 
support such a possibility. 

Although satisfactory fixation of developing scle- 
reids in the petiole was less frequent than in the 
lamina, the general program of development appears 
fundamentally similar in both regions of the foliage 
leaf. In transections of the petiole, the growing 
sclereid appears as a delicate amoeboid cell with its 
tubular branches extending across the prominent air 
chambers and penetrating adjacent cellular parti- 
tions (fig. 18). Longitudinal sections often reveal 
an extensive and complex series of vertical and ob- 
lique branch primordia developing freely within the 
longitudinally extended air spaces. In the cell shown 
in figure 19, continued vertical elongation of the 
larger branch primordia in each air chamber in oppo- 
site directions would produce the characteristic H- 
shaped petiolar sclereids described and figured in a 
previous paper (Foster, 1945, plate 2, fig. 3). 

In concluding this section, certain of the cytologi- 
cal features of the growing sclereid deserve empha- 
sis. First of all, the distinctively large size of the 
nucleus is maintained throughout the period of en- 
largement and ramification. In agreement with the 
petiolar sclereids of Camellia (Foster, 1944, p. 311— 
3 13), the sclereids of Trochodendron show no evi- 
dence of nuclear division at any stage in sclereid 
ontogeny. Although in fixed material the nucleus 
assumes a variety of positions in the central body 
of the sclereid, it has not been observed in the more 
distal portions of the lobes or in the branches. The 
cytoplasm is evidently highly vacuolated and close-, 
ly resembles in its appearance the delicate cyto- 


plasm of plant hairs (fig. 23-25). Small discoid 
bodies, which appear to be plastids, may occur even 
in advanced stages of sclereid ontogeny (fig. 25). 
But on the basis of the fixation images examined in 
this investigation, there is good reason to believe 
that at least the majority of the plastids which are 
present in sclereid initials degenerate as the cell 
enlarges and branches. 

Spicules and secondary wall formation. — One 
of the distinctive features of the adult sclereid in 
Trochodendron is the presence of small spicules on 
the arms as well as on portions of the central body. 
These local outgrowths of the wall fluctuate widely 
in their number and distribution (Foster, 1945, 
plate 1-3). Because of the oblique and undulating 
course of the arms of developing sclereids, it has 
proved difficult to determine the order of appear- 
ance (if any) of the spicules. As is shown in figure 
27, spicules may originate as small irregularly dis- 
tributed protuberances from the delicate primary 
wall of branches which lie freely within air spaces. 
Spicules also develop at the points of contact be- 
tween a sclereid branch and parenchyma cells (fig. 
28). But the sequence of formation of spicules ap- 
pears highly variable and is not clearly related to 
the immediate environment of a given sclereid. 

After the sclereid has completed its phase of en- 
largement and ramification, a thick secondary wall 
is deposited by the protoplast (fig. 26). Centripetal 
thickening of this wall may proceed to such an ex- 
tent that, except in the central body, the lumen is 
reduced to a narrow canal-like cavity. In marked 
contrast to the very abundant canal-like pits typical 
of the sclereids in Camellia (Foster, 1944, fig. 19- 
32), pits are sparsely distributed in the sclereids 
of Trochodendron and appear restricted to the cen- 
tral body of the cell (fig. 1). Although a detailed 
investigation of their development and structure 
was not attempted, studies made with the oil immer- 
sion lens show that they are paired with the deli- 
cate pit-fields of contiguous parenchyma cells. Oc- 
casional examples of ramiform pits were seen al- 
though much less commonly than in Camellia. 

Discussion. — The developmental history of the 
branched sclereids of Trochodendron raises many 
questions of general histogenetic interest, the most 
significant of which now may be discussed. 

The young sclereid, in marked contrast to the 
parenchymatous cells surrounding it, pursues a 
highly individualistic path of development. Its radi- 
ating branches enter adjacent air spaces, traverse 
them and grow between the cell walls of compact 
tissue masses. As a result, new cell contacts are 
made progressively during the ontogeny of the scle- 
reid. Obviously the intercellular relationships which 
result from such a remarkable type of cell develop- 
ment are both complex and variable. If the sclereid 
begins its existence as a cell in the highly lacunate 
region of the spongy parenchyma, a very consider- 
able part of its ramifying growth occurs within the 
air-space system (fig. 20-21). But sclereid initials 
also arise in regions of more compact spongy paren- 
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chyma (fig. 2/5). In this case,, the branches soon 
encounter tightly-j oined cells between which they 
extend and enlarge (fig. 8, 10). The conclusion, 
therefore, seems justified that the sclereid is an 
“opportunist” in response to its immediate environ- 
ment, taking full advantage of any air spaces which 
may adjoin it but also possessing the capacity for 
growth between tissue elements in its path (fig. 17, 
18, 20, 22—25). From this standpoint there appears 
to exist no fundamental ontogenetic difference be- 
tween the petiolar sclereids of Camellia (Foster, 
1944) which arise and branch within relatively 
compact tissue, and the foliar sclereids of Trocho- 
dendron. Evidently prominent air spaces in the 
immediate vicinity of a developing sclereid may 
“favor” radiate branching, but they do not appear 
to represent the primary factor determining cell 
form. On the contrary, the capacity of a sclereid to 
ramify must depend fundamentally upon a sustained 
and aggressive growth of its primary wall not 
shared by neighboring parenchyma elements. This 
idea leads to the question posed in the introduction 
of this paper, i.e., does “gliding growth” occur dur- 
ing the intercellular branching of the sclereid? 

As was pointed out in a recent paper (Foster, 
1944, p. 319-320), the “mechanics” which underlie 
the extension of the arms of a developing sclereid 
between neighboring tissue elements are far from 
clear. Kiister (1925, p. 316-318) adopts the con- 
cept of “gliding growth,” whereas Sinnott and 
Bloch (1943, p. 98) and Bloch (1944, p. 75) favor 
the idea of “intrusive growth.” Convincing evidence 
in support of either of these theories must come 
ultimately from the direct observation of cell growth 
as well as from a better understanding of the nature 
of cell-wall development (van Wisselingh, 1925, p. 
210-232). Nevertheless, the fact that spicules origi- 
nate at various points on the arms of developing 
sclereids does not support the assumption of the 
theory of “intrusive growth” that the extension of 
the wall is restricted to the very tips of the branches. 
On the contrary, spicule development appears to 
reflect the highly plastic nature of considerable 
portions of the primary wall during the ramifying 
growth of the sclereid (fig. 27-28). Therefore 
“movement” of the sclereid wall along the surfaces 
of cells bordering on air chambers as well as between 
the walls of tissue elements is entirely possible 
although by no means proved. 

In criticizing the concept of “gliding growth” as 
applied to cambium cells and non-articulated latex 
ducts, Sinnott and Bloch (1939, p, 632) maintain 
that “there is no evidence that the surface of one 
cell slides over w another during the process. The 
growth of the intruding cell may be thought of as 
that of a root hair moving through the soil by apical 
growth or of a tylosis-like structure which pushes 
out into a mass of tissue instead of into a cavity.” 
Whether these analogies are applicable to the re- 
markable development of the sclerenchymatous idio- 
blasts discussed in the present article is an open 
question. The writer, however, cannot agree with 


Sinnott and Bloch’s (1939, p. 633) statement that 
in the case of intrusive growth “the development of 
such a system could be more readily explained on 
the assumption of a mechanism inherent in the whole 
cell complex and not related to the behavior of inde- 
pendent units within it” (italics by the present 
writer). If applied to the developing spongy paren- 
chyma of Trochodendron , this assumption seems to 
the writer to oversimplify a complex situation. The 
entire career of development of an idioblastic scle- 



Fig. 27-28. Camera lucida drawings made under oil 
immersion' illustrating the irregular development of spi- 
cules from the growing primary wall of sclereid branches. 
— Fig. 27. Developing spicules on a branch lying freely 
in an air chamber. — Fig. 28. Spicules developing on a 
branch at its point of contact with parenchyma as well 
as on portions lying within the adjacent air chambers. 
Both figures, X 230. ■ 

reid is marked by a “rugged individualism” which 
suggests that the normal’ correlative forces opera- 
tive during the differentiation eri masse of paren- 
chyma elements have 1 been replaced locally by new 
and unique factors. To assess the nature of such 
factors lies beyond the scope of histogenetic investi- 
gation. It is doubtless significant however that all 
of the spongy parenchyma cells appear to retain the 
capacity to enlarge and to ramify throughout the 
period of maturation of the lamina. This is clearly 
illustrated in figure 26 which represents a parader- 
mal section through the spongy parenchyma of a 
fully-expanded leaf blade. Above and to the right 
of the large thick-walled, sclereid, a young idioblast 
has sent out a delicate tubular branch into the adja- 
cent air chamber. Many examples of such tardy de- 
velopment of sclereids have been observed in the 
present study, emphasizing the sustained capac- 
ity of parenchymatous elements, for individualistic 
growth at various stages in organ ontogeny (Foster, 
1942, p. 58-59; Bloch, 1944). It is to be hoped that 
future experimental technique may reveal the physi- 
ological factors which induce the idioblastic devel- 
opment of certain cells while inhibiting the further 
growth of their neighbors. 
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SUMMARY 

The branched sclereids typical of the mature 
foliage leaf of Trochodendron occur as idioblasts 
dispersed within the lacunate parenchyma of the 
petiole and the spongy parenchyma of the lamina. 
This paper describes their origin and development. 

The lamina sclereid originates from a small, poly- 
hedral cell which closely resembles a young meso- 
phyll cell except for the larger size of its nucleus. 
The * ‘cellular environment” under which a sclereid 
initial begins to enlarge and to branch varies wide- 
ly, In the highly lacunate spongy parenchyma of 
expanding leaf blades, the initial borders upon large 
air chambers. But in more embryonic portions of the 
mesophyll, the young sclereid is separated from 
some of its neighbors only by small triangular or 
quadrangular air spaces. 

Radiate branching of the sclereid initial results 
from the extension of small papillate protuberances 
into certain of the adjacent air spaces. The initia- 
tion of branching is accompanied by an enlargement 
of the sclereid and the loss of its original polyhe- 
dral form. As development continues, the extending 
arms of the sclereid traverse the neighboring air 
spaces and grow between the walls of compact tissue 
in their path. In advanced stages of branching, the 
sclereid appears as an amoeboid structure with its 
lobes and arms related in a variety of ways to the 
air spaces and tissue in its vicinity. Often the arms 
of separate sclereids may occur, more or less inter- 
locked, within the same air chamber. 


The general program of development of petiolar 
sclereids is essentially similar to that in the lamina. 
Extensive vertical elongation of certain branches of 
the sclereid within ad j acent longitudinally-extended 
air chambers gives rise to the H -shaped type of 
sclereid commonly found in the petiole of Troclno - 
dendron. 

The sclereid, throughout its active period of 
branching, retains its single large nucleus. There is 
evidence that the small plastids typical of sclereid 
initials tend to degenerate during the later phases 
of ontogeny. 

Spicules originate as small outgrowths from the 
primary wall of the sclereid. There appears to be 
no fixed sequence in the order of their initiation on 
a given sclereid arm. When enlargement and rami- 
fication have ceased, the sclereid forms a massive 
secondary wall provided with sparse canal-like pits. 

It is concluded that the presence of air spaces 
bordering a given sclereid initial is not the primary 
factor inducing cell branching and hence specific 
form. On the contrary, the primary wall of the 
young sclereid possesses an unique capacity for sus- 
tained and aggressive growth not shared by neigh- 
boring parenchyma cells. 

A brief discussion is given of the concepts of 
“gliding” and “intrusive” growth as applied to the 
intercellular development of branched sclereids. 

Department of Botany, 

University of California, 

Berkeley, California 
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PLANT GROWTH UNDER CONTROLLED CONDITIONS. V. THE RELATION 
BETWEEN AGE, LIGHT, VARIETY AND THERMOPERIODICITY 

OF TOMATOES 1 

F. W. Went 



In an earlier paper (Went, 1944a) the conclusion 
was reached that tomato growth responded more to 
temperature than to humidity of the air, length of 
illumination, light intensity, or nutrition. Slight dif- 
ferences in night temperature caused considerable 
difference in rate of stem elongation or in fruit set. 
This work has been continued, and in the present 
paper a closer analysis of the temperature effect is 
given, and the temperature response of a number of 
tomato varieties is described. In the next paper of 
the series (Went and Gosper, 1945) these data will 
be compared with the development of these same 
varieties under practical conditions in the field. 

In all the following experiments, except where 
the contrary is stated, tomato seeds were germinated 
in sand in an ordinary greenhouse, and the seedlings 
were watered with nutrient solution. After the first 
foliage leaves had fully developed, the plants were 
transferred to one-gallon crocks filled with crashed 
rock, and they were left outside in a lath house for 
about two weeks. Then the temperature treatments 
were started. 

More different night temperatures could be tested 
simultaneously than in the previous experiments, 
since a few incubators were built into the dark rooms, 
which were kept at 4°C. above the darkroom tem- 
perature. They were not quite satisfactory and the 
rates of stem elongation did not quite reach those 
expected. In total weight and fruit weight, however, 
the values at 22 0 in the incubator were intermediate 
between the higher and lower temperatures. 

1 Received for publication May 28, 1945. 


Relation between age., temperature and stem 
growth rate. — In a previous article (Went, 1944c) 
it was concluded that the decrease in growth rate of 
full-grown tomato plants (variety San Jose Canner) 
when subjected to night temperatures above 17— 
18 °C. was due to insufficient translocation of sugars 
from the leaves at these higher temperatures. It also 
was pointed out that the higher optimum night tem- 
perature encountered in seedlings could be explained 
by their small size so that translocation was less 
critical than in large plants. If this were actually 
true, one would expect a gradual lowering of the 
optimal night temperature as the tomato plant grew, 
and this was tested. 

A group of tomatoes (San Jose Canner) were 
divided into four groups: two were grown at 26 °C. 
during the day and two at 18° during the day. In 
each of these temperature conditions one group con- 
sisted of plants 250-280 mm. long and grown in one- 
gallon crocks in crushed rock, and the other group 
were 60-90 mm. tall, grown in four-inch pots in 
sand. All were watered twice daily with nutrient 
solution. One-sixth of each of these groups were 
placed at six different temperatures each night from 
16:00 to 8:00. Measurements of stem length were 
taken every two days. Tables 1 and 2 and figure 1 
show the results of these measurements. From table 
1 it appears that the steady growth rate at a constant 
day and night temperature of 26 °C., after an initial 
spurt to 29 mm./ day, has settled down to 24.7 mm./ 
day in the period May 1-15. This rate is slightly 
above the average rate of 23.1 as found in earlier 


Table 1. Growth rate in mm.Jday for San Jose Canner tomatoes grown in one-gallon crocks at different day and 

night temperatures. 


Day temperature 
Night 

temperature 

30 

26.5 

26.5 

22 

°C. 

16 

13 

8 

30 

26.5 

18°C. 

23 16 

13 

8 

Growth at 
30° as % 
of that 
at 16°C. 

Weather 

conditions 

April 19-22 

12.0 

15.3 

8.6 

8.5 

6.3 

1.8 

13.1 

6.1 

8.9 

4.3 

3.5 

1.9 

196 


April 22-25 

17.9 

18.9 

16.4 

14.7 

10.5 

3.8 

15.7 

12.0 

8.8 

6.1 

4.1 

1.7 

163 


April 25-27 

19.6 

25.8 

22.3 

16.8 

12.4 

3.4 

17.1 

15.2 

12.9 

7.7 

6.6 

2.1 

150 

Overcast, hazy 

April 27-29 

21.4 

29.6 

22.6 

17.0 

14.8 

6.1 

15.4 

15.5 

13.3 

8.9 

6.8 

2.3 

142 

Overcast, hazy, rain 

April 29-May 1 

23.2 

27.2 

22.0 

23.6 

16.5 

3.3 

18.5 

19.2 

17.1 

13.7 

9.9 

2.4 

112 

Broken clouds, hazy 

May 1-3 

20.8 

24.1 

25.5 

26,3 

16.8 

4.3 

13.5 

15.5 

13.0 

12.0 

9.0 

2.5 

90 

Clear-overcast, hazy 

May 3-5 

20.8 

23.5 

22.9 

27.6 

18.1 

5.2 

18.3 

17.3 

14.1 

13,8 

9.2 

3.3 

94 

Clear 

May 5-7 

21.8 

25.1 

23.5 

26.6 

21.8 

6.5 

18.3 

19.6 

16.0 

17.3 

10.4 

3.4 

91 

Clear 

May 7-9 

21.9 

28.0 

24.5 

30.0 

19.5 

5.4 

15.3 

16.1 

12.7 

15.6 

8.5 

3.3 

82 

Broken clouds, hazy 

May 9-11 

17.9 

23.6 

25.6 

24.3 

20.1 

8,0 

13.1 

13.9 

13.7 

16.1 

9.6 

3.0 

77 

Overcast, hazy 

May 11-13 

21.3 

25.4 

23.2 

30.6 

18.3 

5.9 

16.4 

20.2 

14.1 

20.2 

8.2 

3.7 

74 

Light broken clouds, hazy 

May 13-15 18.5 22.9 19.6 19.6 16.9 

May 15-17 (day and night temp. 26.5°C.) 

6.1 

10.6 

18.9 

13.4 

15.3 

10.2 

m 

2.8 

83 

Broken clouds, hazy 

15.1 21.7 24.3 27.0 27.5 
May 17-19 (day and night temp. 26.5°C.) 

27.1 

16.4 

20.8 

23.6 

25.8 

36.3 

18.6 

60 

Broken clouds 


20.3 

21.0 

24.5 

27.1 

30.6 

32.5 

24.1 

22.1 

32.7 

34.0 

38.1 

36.9, 

73 
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experiments (table 3 in Went, 1044a). The stem 
growth rates of the other groups over the same 14- 
day period come remarkably close to the growth 
rates as expected from the curves in figure 4 from 
Went (1944a) as seen in table 2 with the exception 
of the 22° values, which were too low due to the 
incubator. This proves again the reproducibility of 
results obtained in the air-conditioned greenhouses, 
and it brands the experiment of tables 1 and 2 as 
thoroughly typical. 



Fig. 1. At the various night temperatures (axis towards 
left) the growth rate In mm./day (vertical axis) is 
plotted for the San Jose Canner tomato. Growth rates 
are averaged for 26.5° and 18° day temperatures. Axis 
toward right shows age of tomato plants. On April 19 
average length of plants was 10 cm. From May 15 on, all 
tomatoes were subjected to 26 ° night temperature. Values 
for 22 ° night temperature are seemingly too low as the 
plants grow taller. Same experiment as tables 1 and 2 . 

Figure 1 shows clearly the shift in optimal night 
temperature. Until April 25 the optimum lay at 
30 °C., which is probably very close to the optimal 
temperature of the growth process (cf . White, 
1937). After the 25th the optimum shifted to 26°, 
and remained there until about May 3, when it 
shifted to 16°C. The growth rate of the plants kept 
at 22° during the night was usually slightly lower 
than the mean of 26° and 16°, and this is probably 
due to the fact that during the night they were 
enclosed in a 2 X 5 X 0 foot incubator, in which 
there was much less renewal of air than in the air- 
conditioned darkrooms in which th^ # other plants 
were kept at night. This conclusion is strengthened 
by the observation that in a smaller, better insulated 
incubator (1.5 X 3 X 3 foot) the growth rate at 22° 
was still lower than in the larger incubator. But irre- 
spective of the slight aberration of the 22*° values. 
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it is very clear that the shift in optimum occurred 
very gradually. This can also be seen from the ratio 
of growth rates at 30° and 16° night temperature 
which gradually shifted from 1.96 to 0.83 (table 1) 
between April 19 and May 15. 

On May 3, when the shift from 26° to 16° oc- 
curred., the plants had a mean length of 500 mm. 
which is about the length at which; in previous ex- 
periments; the shift from 26° to 18° optimal night 
temperature took place. It also can be seen that the 
shift was due to two factors: at 30° and 26° the 
growth rate; after reaching a maximal rate during 
the last days of April; gradually dropped to a lower 
level; at 8° and 13° night temperature there was a 
gradual and consistant rise in growth rates; whereas, 
at 22° and 16° the maximal rate, once reached, was 
maintained. 

After the measurements had been continued for 
26 days, and the plants were nearing a size at which 
they could not be placed in the incubator at night, 
they were all subjected to the same conditions for 
the last four days (May 15—19), namely, a constant 


day and night temperature of 26.5 °C. Their re- 
sponse is shown in table 1 and figure 1 . 

Whereas the growth rate of the plants originally 
growing at 26.5° night temperature remained about 
constant, the growth rate of the plants previously 
kept at 30 °C. during the night rose to about the 
same level as that of those kept at 26.5°, showing an 
immediate adjustment to the new growing condi- 
tions. The growth rate of the plants, kept previously 
at 8° and 13 °C. during the night, increased rapidly 
to rates not even attained under optimal growing 
conditions, especially when the day temperature was 
raised as well. At intermediate temperatures inter- 
mediate responses were obtained. If the plants had 
been left longer at the same constant condition of 
26.5 °C., their growth rates would all have reverted 
to the steady rate of 23 mm. day (cf. curve F in 
fig. 5, Went, 1944a). 

In table 2 a number of data concerning these same 
tomato plants at the time of harvest are recorded. 
For top weight the higher day and night tempera- 
tures were optimal, but the roots were heaviest after 
cool nights. The ratio top/root weight steadily de- 


Table 3. Fresh weights (in grams), number of fruits setting and growth rates in mm./ day, all per plant for 5 

different tomato varieties (see figure S). 



Day temperature 

26.5°C. 




17°C. 


V ariety 

Night temperature 30° 

26° 22° 16° 

13° 

8° 

26° 

22° 16° 13° 

8° 


Earliana 


Root weight 

30 

57' 

53 

53 

29 

28 

53 

(35) 

45 

57 

28 

Top weight 

174 

206 

204 

170 

115 

47 

155 

( 178 ) 

163 

128 

42 

Fruit weight 

10 

1 

118 

67 

36 

6 

2 

(120) 

108 

21 

1 

Fruits per plant 

1.7 

0.7 

8.7 

6.3 

3.7 

1.0 

1.0 

(7.0) 

6.3 

3.3 

0.7 | 

Growth rate 26 V-8V I .... 

19.4 

23.3 

21.1 

16.6 

16.2 

3.4 

11.9 

(12.0) 

10.5 

9.6 

2.1 

Growth rate 8VI-22VI . . . 
Marglobe 

24.0 

31.9 

26.2 

25.6 

25.7 

5.9 

18.4 

(18.0) 

16.1 

14.6 

3.3 

Root weight 

29 

32 

72 

63 

40 

37 

dead 


74 

54 ' 

30 | 

Top weight 

123 

196 

260 

244 

139 

76 

dead 


166 

138 

50 

Fruit weight 

0 

0 

78 

123 

14 

0 

dead 


40 

0 

0 

Fruits per plant 

0 

0 

4.0 

7.5 

5.0 

0 

dead 


3.0 

0 

0 ji 

Growth rate 26V-8VI. . . . 

16.9 

24.3 

24.2 

22.7 

21.5 

3.7 

dead 


9.3 

7.4 

1.5 | 

Growth rate 8-22VI 

7.8 

13.9 

20.1 

23.1 

25.5 

5.9 

dead 


13.5 

6.4 

3.4 

Pearson ■ 

Root weight 

. 23 

49 

65 

73 

52 

39 

61 


57 

46 

21 ; 

Top weight 

. 132 

206 

209 

209 

156 

52 

145 


175 

108 

29 " 1 

Fruit weight 

... 0 

0 

22 

55 

11 

0 

0 


6 

0 

0.3 | 

Fruits per plant 

0 

0 

4.7 

4.7 

1.7 

0 

0 


0.7 

o 

0.2 

Growth rate 26V-8 VI .... 

. 14.9 

19.6 

19.6 

17.4 

15.7 

3.1 

9.4 


9.5 

5.6 

1.7 ' 1 

Growth rate 8-23 VI 

. 18.1 

26.2 

23.5 

23.2 

23.8 

4.5 

15.0 


15.7 

13.6 

2.7 f 

Stone I 

Root weight 

40 

73 

84 

89 

87 

40 

79 

(62) 

85 

86 

27 !' 

Top weight 

. 173 

197 

243 

209 

180 

65 

189 

(177) 

184 

110 

32 | 

Fruit weight 

0 

0 

31 

41 

13 

0 

0 

(3) 

5 

2; 

0 / j 

Fruits per plant 

0 

0 

3.7 

4.7 

2.7 

0 

0 

(1.0) 

2.0 

0.5 

' 0 

Growth rate 26V-8VI 

. 17.3 

17.6 

18.8 

17.3 

14.4 

2.9 

12.0 

(9.0) 

7.8 

6.4 

1.3 

Growth rate 8-22VI 

. 17.1 

30.3 

23.0 

21.8 

33.2 

5.3 

14.0 

(16.5) 

16.8 

10.0 

2.6 [ 

Beefsteak l 

Root weight 

55 

62 

69 

74 

62 

34 

112 


71 

67 

19 

Top weight 

. 234 

254 

240 

202 

178 

61 

215 


188 

136 

33 

Fruit weight 

0 

0 

52 

44 

9 

0 

0 


1 

5 

1 

Fruits per plant .: 

. • 0. 

0 

5.0 

4.0 

1.0 

0 

0 


0.2 

0.5 

0.2 

Growth rate 26V-8VI 

. 32.4 

24.8 

21.2 

17.6 

15.8 

3.3 

13.5 


10.0 

6.6 

1.9 

Growth rate 8-22 VI 

. - 23.7 

29.5 

25.1 

27.6 

27.5 

5.7 

17.1 


18.8 

10.6 

3.7 


v 
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creased with decreasing night temperature and was 
also consistently lower at the lower day tempera- 
ture. A similar effect of temperature on root devel- 
opment was observed by Cochran (1986) for pep- 
pers. Leaves were slightly larger at the higher night 
temperatures, but the weight was highest at medium 
night temperatures. By dividing the leaf surface 
(proportional to the square of the leaf length, since 



Fig. 2. Growth rates of the Illinois T19 tomato (vertical 
axis) in mm./day, kept during day at 26.5°, and during 
night at different temperatures (axis towards left). The 
same plants have been measured at about 4-day intervals 
(axis towards right). 

the leaf proportions are not much affected by tem- 
perature) by the leaf weight, a value is obtained 
which gradually decreased with decreasing night 
temperature, indicating that the leaves were thicker 
in plants kept cool at night. 

The effect of night temperature on total number 
of stem nodes, or on the number of stem nodes be- 
tween inflorescences, was rather slight, which is in 
agreement with earlier observations on the tomato 
plant (Went, 1944b) ; but in this respect the tomato 
differs from many California annual plants (Lewis 
and Went, 1945), in which the rate of meristematic 
differentiation in the stem tip was correlated with 
the night temperature. 

The size of the inflorescence varied very much 
with night temperature; the warmer the night, the 
smaller the inflorescence and the flowers. In table 2 
the inflorescences were graded as follows: (1) very 
small and abortive, (2) small, (8) fair-sized, (4) 
large. Fruit set went parallel with flower develop- 
ment. Only at 22° and 18° night temperature did 
fruits start to grow ; at higher temperatures no fruit 
was set at all. 

Previously it had been shown (Went, 1944c) that 
although the optimal temperature of the growth 
process lies around 80 °C., the optimal night tem- 


perature (when most of the stem elongation occurs) 
for the tomato plant as a whole is lower, due to a 
decrease in sugar translocation at higher tempera- 
tures. This leads to various conclusions: (a) As the 
plant grows taller, translocation becomes more and 
more limiting, and consequently the optimal tem- 
perature for stem elongation shifts to a lower level, 
(b) When translocation is limiting, the roots should 
be most affected since they are farthest removed 
from the leaves. Actually the roots became propor- 
tionally lighter the higher the night (and day) tem- 
perature. (c) When translocation of sugars is lim- 
iting above 18°C., the growth process uses all sugars 
as soon as they arrive, and no storage of sugar oc- 
curs. Tomato plants which had been growing at 
night temperatures above 18 °C., therefore, imme- 
diately assumed the growth rate typical of the new 
temperature after transfer to 26 °C. night tempera- 
ture. On the other hand, when they were grown at 
night temperatures below 18°, not all sugar trans- 
ferred to their growing stems had been used, some 

b Stone 

□ Pearson 

* Way-globe 

o barb an a 



Fig. 3. Top Weight (single lines) and fruit weight 
(double lines) of the tomatoes shown in table 3. On 
ordinate is shown weight in grams fresh weight per plant, 
on abscissa night temperatures, in degree centigrade. 
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Table 4. Fresh weight in grams per plant and growth rates in mm./day for 10 different tomato varieties grown 
simultaneously in the air-conditioned greenhouses {see figure o). 


Day temperature 
Photoperiod hours 
Variety Night temperature 

8 

30° 

8 

26° 

26.5 °C. 

11 8 

26° 22° 

8 

16° 

8 

13° 

8 

26° 

8 

22° 

17°C. 

8 

16° 

8 

13° 

11 

13° 

Essex Wonder 

Root weight 

20 

20 

35 

33 

32 

21 


38 

31 

29 

47 

Top weight 

140 

178 

271 

202 

251 

142 


241 

213 

150 

168 

Fruit weight 

0 

0 

2 

11 

40 

3 


1 

0 

0 

1 

Growth rate 14-29X 

23.4 

27.3 

28.9 

26.0 

32.2 

20.8 


18.2 

13.6 

14.2 

12.9 

Growth rate 29X-14XI .... 
Comet Forcing 

22.8 

28.0 

35.6 

28.7 

32.6 

26.0 


21.4 

19.4 

17.5 

13.5 

Root weight 


12 

21 

14 

16 

20 

14 


23 

23 


Top weight 


121 

233 

170 

238 

108 

110 


158 

135 


Fruit weight 


0 

1 

13 

43 

9 

1 


5 

0 


Growth rate 14-29X 


21.6 

25.3 

24.9 

28.6 

21.9 

13.7 


13.5 

11.4 


Growth rate 29X-14XI.... 


20.2 

31.9 

28.2 

32.6 

23.5 

15.8 


15.4 

12.6 


Valiant 

Root weight 

11 

12 

40 


27 

20 

16 

29 

.. 22 

28 

31 

Top weight 

81 

121 

277 


211 

111 

94 

176 

126 

117 

115 

Fruit weight 

0 

0 

6 


4 

6 

0 

1 

0 

0 

1 

Growth rate 14-29X 

17.7 

22.4 

26.7 


26.8 

20.8 

13.2 

13.2 

12.7 

12.1 

11.1 

Growth rate 29X-14XI 

20.8 

25.6 

30.0 


28.2 

22.4 

13.7 

14.9 

13.5 

11.9 

13.8 

Michigan State 

Root weight 


18 

42 


24 

30 


40 

30 

36 


Top weight 


170 

276 


176 

187 


254 

166 

166 


Fruit weight 


0 

0 


1 

3 


3 

0 

0 


Growth rate 14-29X 


23.2 

25.2 


23.6 

21.2 


13.1 

12.4 

10.4 


Growth rate 29X-14XI.... 


30.0 

31.9 


26.3 

23.5 


17.7 

14.6 

10.1 


Santa Clara Canner 

Root weight 

12 

13 

31 

19 

30 

23 

10 


22 


45 

Top weight 

86 

108 

227 

124 

186 

121 

63 


126 


207 

Fruit weight 

0 

0 

0 

0 

0 

0 

0 


0 


0 

Growth rate 14-29X 

14.0 

19.6 

24.9 

22.0 

23.6 

22.2 

9.8 


12.7 


9.8 

Growth rate 29X-14XI 

Norton Stone 

17.0 

23.9 

30.8 

23.3 

29.5 

20.1 

9.1 


14.1 


11.4 

Root weight 


14 

42 


32 

30 

13 


26 


54 

Top weight 


127 

228 


223 

132 

74 


120 


175 

Fruit weight 


0 

0 


0 

0 

0 


0 


0 

Growth rate 14-29X 


19.6 

22.8 


22.9 

20.7 

11.4 


12.6 


11.2 

Growth rate 29X-14XI 


22.3 

25.5 


23.8 

24.5 

12.1 

■ ... 

15.7 


11.5 

Marglobe 

Root weight 

13 

14 

33 


23 

20 

25 


28 


31 

Top weight 

102 

119 

227 


162 

10 

109 


154 

. . . 

160 

Fruit weight 

0 

0 

1 


0 

0 

0 


0 


0 

Growth rate 14-29X 

15.8 

19.4 

18.4 


22.4 

15.4 

9.8 


11.4 


11.7 

Growth rate 29X-14XI .... 

20.4 

25.6 

26.0 

... 

28.7 

17.9 

15.6 


14.8 


11.0 

Rutgers 

Root weight 

15 

16 

26 

21 

21 

24 

14 

28 

21 

17 


Top weight 

111 

146 

189 

149 

208 

122 

83 

165 

117 

76 


Fruit weight 

0 

0 

16 

0 

1 

0 

0 

0 

0 

0 


Growth rate 14-29X 

12.3 

18.3 

18.6 

18.8 

18.3 

17.4 

11.1 

8.4 

9.8 

9.0 


Growth rate 29X-14XI .... 

17.6 

21.6 

21.3 

22.2 

26.2 

20.2 

10.6 

14.2 

14.3 

8.5 


Indiana Baltimore 

Root weight 

6 

13 

28 

21 

25 

19 

9 


22 

22 

27 

Top weight 

46 

109 

196 

118 

181 

83 

57 


125 

89 

109 

Fruit weight 

0 

0 

* 0 

0 

0 

0 

0 


0 

0 

0 

Growth rate 14-29X 

15.0 

18.7 

19.4 

19.8 

20.0 

14.9 

8.9 


10.6 

6.8 

11.0 

Growth rate 29X-14XI .... 

13.3 

23.5 

26.5 

20.6 

24.4 

16.1 

9.1 


15.3 

10.9 

11.8 

Burpee Jubilee 

Root weight 

12 

8 

22 

, . . 

17 


10 


16 


31 

Top weight 

98 

81 

181 


141 


75 


82 


141 

Fruit weight 

0 

0 

0 


0 


0 


0 


0 

Growth rate 14-29X 

12.0 

15.2 

16.9 


21.1 


9.3 


7.7 


7.7 

Growth rate 29X-14XI 

15.2 

19.3 

24.1 


22.9 


10.8 


8.6 


9.1 


474 


AMERICAN JOURNAL OF BOTANY 


CVol. 32, 


;h . 

■V' 


n 


h, 

|( 

if! 


|ij 


j;| 



Fig. 4. Growth rates over a 20-day period of 8 diff erent tomato varieties, in mm./day. Crosses and solid lines, day 
temperature 26°C.; circles and broken lines, day temperature of 18°C. Fruit weight in grams fresh weight per plant 
are show T n for 26° day temperature (plusses and double solid lines) and for 18° day temperature (dots and double 
broken lines). Fresh weights of plants (squares and solid lines, 26° day temperature; triangles and broken lines, 
18° day temperature) compared with those of table 3. 


accumulation occurred., and after transfer to higher 
night temperatures the growth rate increased well 
beyond what was possible under steady conditions. 

The present experiment, therefore, is in complete 
agreement with the assumed interaction of growth 
factors, and furnishes strong support for the con- 
clusion reached in an earlier paper (Went, 1944c) 
that above 18° night temperature translocation of 
sugar limits the growth of a tomato plant as a whole, 
including stem, root and fruit growth. 

Relation between variety and stem growth 

RATE UNDER VARIOUS TEMPERATURE TREATMENTS. 

Similar experiments were carried out with other 
tomato varieties, and one such, in which the Illinois 
Tl9 was used, is shown in figure 2. The shift in 
optimal temperature was even more pronounced in 
this variety than in the San Jose Canner (fig. 1), 
and the optimal night temperature dropped as low 
as 13°C. 

In tables 3 and 4 and figures 3, 4 and 5 the per- 
formance of 14 different varieties under various 
temperature treatments is compared. The size of 
the greenhouses and of the incubators made it im- 
possible to continue the experiments beyond the 


early stages of fruit setting, but some interesting 
varietal differences were evident. The general re- 
sponse of all varieties was approximately the same; 
faster growth and greater weight were obtained at 
the higher day temperature.. The ratio between top 
and root weight decreased steadily with decreasing 
night temperature. Optimal fruit set for all varie- 
ties was at 16° or 22 °C. night temperature, irrespec- 
tive of day temperature. In the next paper of this 
series (Went and Gosper, 1945) the growth of to- 
mato plants in the field will be compared with these 
greenhouse experiments. 

In figure 4 some results of another experiment are 
shown. The late tomatoes (Beefsteak, Stone, Santa 
Clara Canner) had not started to set fruit when 
harvested, whereas Earliana, Essex Wonder and Illi- 
nois T19 had fruits setting on one or more flower 
clusters. As in the other experiments there was no 
correlation between growth rate and fruit set. The 
fastest growers (Beefsteak and Essex Wonder) be- 
long to the late and to the early varieties. Although 
the growth rate at 26° day temperature was con- 
siderably higher than that at 18°, there was no con- 
sistent difference in fruit development at these two 
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day temperatures. Fruit set was often more extensive and on cloudy days their growth rate at the higher 
at the lower temperature. night temperature was very low. Figure 6 shows this 

Greenhouse tomatoes (Essex Wonder, Comet effect. The growth rates for the periods with com- 

Forcing, Valiant and Michigan State) had the low- pletely overcast weather (April 27—29, May 1-3 and 

est optimal temperatures for growth and fruit set; May 9—11) are compared with those on the partially 

they set earliest and at medium and low night tern- cloudy or completely clear days (April 29-May 1, 

peratures had the highest growth rates (fig. 5). At May 3-9 and May 11-15). Whereas cloudiness did 

the other end of the scale were the Eastern varie- not affect the growth rate at lower night tempera- 

ties (Rutgers, Indiana Baltimore, Burpee Jubilee) tures, at 26° and 30° night temperature the rate of 

which had the lowest growth rates. Western and gen- stem elongation, both in the 26° and 18° day tern- 

eral purpose tomatoes (Santa Clara Canner, Norton perature, was much lower on cloudy days. This re- 

Stone and Marglobe) were found to be intermediate * suited in a pronounced shift in the optimum towards 

between greenhouse and Eastern varieties in most lower night temperatures. It is evident, however, 

respects, although considerable individual variations that this phenomenon occurred only when the light 

were found between varieties. For instance, the dif- intensity became very low, since the tomatoes in 

ference between Essex Wonder and Comet Forcing 1 -gallon crocks did not show a marked shift towards 

is interesting. Although the top and fruit weight of lower optimal night temperatures on cloudy days, 

these two was about equal at 16° night temperature It is likely to become of practical importance only 

(which is optimal), the Essex Wonder apparently during dark winter days in greenhouses at higher 

had a wider tolerance for higher and lower night latitudes. 

temperature (c.f. top weight), and its root system To check whether the shift to lower optimal night 
was about twice as heavy as that of the Comet Fore- temperature was a direct response to a lower light 

ing under similar conditions. intensity, a number of experiments were carried out 

Relation between light intensity and opti- under artificial light with the San Jose Canner to- 

mal night temperature. — In previous papers mato. 

(Went, 1944a) it was pointed out that light intensity In one set of experiments, groups of 10 plants 
had only a minor effect on stem elongation in the were subjected to 400 foot-candles at 26.5 °C. for 
tomato; on overcast days their growth rate was 24, 16 or 8 hours daily. The dark hours were spent 
slightly higher, but this increase was usually bal- at 26°, 16° and 8°C. In the course of 2-4 weeks 
anced by a subsequent decrease on the following many of the plants subjected to continuous light 

sunny days. Table 1 does not show any pronounced showed a complete bleaching of large areas of the 

correlation between cloudiness and growth rate; younger leaves. A number of plants kept at 26.5 °C. 
there is only a faint indication that partial cloudi- during darkness aborted their growing points, or 
ness increased, and that a completely clouded sky they were very slow to develop a lateral shoot in 
decreased, the growth rate. A much clearer correla- the axil of the leaf immediately below the inflores- 
tion between cloudiness and rate of stem elongation cence. Table 5 shows the values for two sets of 
was found in tomato plants in 4-inch pots, which plants grown at different times. In general there is 
were placed between those in 1 -gallon crocks, and good agreement between the growth rate in the two 
were shaded by these larger plants. Whereas their experiments; in the first experiment, which lasted 
general behavior was the same (gradual shift of longer, the growth rates were higher in the case of 
optimal night temperature from 30° to 16°C.), their those plants which were kept during the daily dark 
growth was subjected to much larger fluctuations, period at 26.5 °C. This was due to a certain amount 

Table 5. Sugar content , growth rate and final weight of small tomato 'plants , grown for 3-6 weeks under artificial 
light of JfiOO foot candles } and kept during their daily dark period at different temperatures. All sugar deter- 
minations mean of 2-3 duplicates. Each value mean of 10 plants . 


Experiment June 6- July 5, 1944 
Sugar content of leaves in % dry wt. 

At beginning of At end of light Experiment August 3-19, 1944 


Hours in 
26.5°C. at 

400 f.c. 

Rest of 
day in 
darkness 

light period 
Red. 

sugar Sucrose 

period 

Red. 

sugar Sucrose 

Growth 

rate 

mm /day 

Growth 

rate 

mm/day 

Total 
fresh wt. 
g/plant 

Longest 
leaf in 

mm 

24 hours 


2.45 

0.50 

2.38 

0.42 

12.4 

11.9 

29.6 

163 

16 hours 

96°C. 

2.03 

0.76 

2.03 

0.85 

10.3 

7.9 

19.8 

170 

16 hours 

16 °C. 

2.12 

0.54 

2.12 

2.77 

9.0 

9.0 

26.9 

188 

16 hours 

8°C. 

1.80 

1.30 

1,85 

1.69 

8.1 

5.5 

21.2 

165 

8 hours 

96 °C. 

2.15 

0.59 

2.11 

2.05 

5.9 

3.4 

12.5 

161 

8 hours 

16°C. 

1.75 

0.29 

1.87 

0.12 a 

9.9 

10.0 

18.6 

176 

8 hours 

8°C. 

1.97 

0.68 

2.17 

1.03 

3.3 

3.4 

16.6 

161 


a Value obviously too low. Lack of material precluded another analysis. 
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PWoperiod 
NujVit tamp. 


Day tamp. 


26 . 5 ° 



26 . 5 ° 


18 ° 


8 8 10 8 8 8 


8 8 10 8 8 8 



Valiant 


Essex Wonder 



Indiana Baltimore 
100 
80 
60 
40 
20 
0 

60 
40 

20 

■ 0 am. 

Santa Clara tanner 


100 

go 

60 

40 

20 

0 

60 

40 
• 20 


Ocm. 


100 

80 

60 

40 

20 

■0 

•40 

-20 

-Ocm 


Fig. 5. One typical plant from each temperature treatment referred to in table 4. Outside diameter of each crock 
at rim 20.5 cm. Upper row in each variety grown at day temperature of 26,5°, lower row at 18°. Upper two are 
greenhouse varieties, middle two are Eastern varieties, lower one is a typical California variety. 
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of “adaptation” since their growth rates were lower 
in the first than in the second half of the experi- 
ment. The fresh weight of the plants at the end of 
the experiment paralleled the differences in growth 
rate. For each length of photoperiod there was a 
negative correlation between sucrose content at the 
beginning of the light period and the growth rate. 
When illuminated for 8 hours only,, the growth rate 
was highest at the dark temperature of 16°, which 
is almost optimal, whereas in a 16-hour photoperiod 
there was little difference in growth rate for 16° 
or 26.5 °C. dark temperatures. Therefore, it can be 
concluded that whereas the optimal dark tempera- 
ture is between 16° and 26.5° at a 16-hour photo- 
period, the optimal dark temperature is near 16° 
for an 8-hour photoperiod at 400 foot-candle in- 
tensity. 

In figure 7 the results of another experiment are 
shown. After an initial 12-day period tomato plants 
grown in 4-inch pots had become adjusted to the 
different light intensities and photoperiods, and fig- 
ure 17 gives the growth data for the period 12-18 
days after beginning of the light treatments. Plants 
were grown under the fluorescent lamps at various 
distances so that they received 400, 200 or 100 f.c. 
light. They were exposed for 8 or 16 hours daily to 
this light at 26.5 °C. and the rest of the time they 
stayed at 26°, 16° or 8°C. in darkness. In the figure 
are plotted the means of the 16-hour photoperiod at 
200 f.c. (3200 f.c. hr.) and of the 8-hour photo- 
period at 400 f.c. (also 3200 f.c. hr.), and likewise 
those of the 16-hour photoperiod at 100 f.c. and 
8-liour photoperiod at 200 f.c. (both 1600 f.c. hr.). 
The plants receiving 800 f.c. hours had stopped 
growing and died before the experiment was fin- 
ished. 



Fig. 6, Relation between growth rate of San Jose Can- 
ner tomato plants grown in 4-inch pots and night tem- 
perature. Upper two curves (crosses and circles) relate 
to plants grown during day at 26.5° C., lower two curves 
(plusses and dots) to those grown at 18°C. Solid lines: 
growth rate on clear days. Broken lines: growth rate on 
dark and cloudy days. 

The plants receiving the most light (6400 f.c. 
hr.) had an optimal dark temperature of about 
20° C. At their size (300 mm.) the optimal dark 
temperature would have been about 26° C. at the 
intensity of full daylight (as shown for the 13,000 



Fig. 7. Growth rates (vertical axis, mm./day) of young 
San Jose Canner tomato plants (about 20 cm. tall), daily 
receiving different amounts of light at 26.5 °C. (axis 
towards right, foot-candle hours per day). During dark 
period various groups are kept at different temperatures 
(axis towards left). 

f.c. hr.), which values were taken from table 1 for 
the April 22-25 period, when the tomatoes had 
approximately the same size. The group receiving 
3200 f.c. hours had an optimal dark temperature 
very close to 16°C., but at the next lower amount 
of light the optimum lay near 8°C. 

In the same experiment two different tempera- 
tures during the photoperiod were compared. 
Whereas in full daylight the optimal night tem- 
perature was 26.5 °C., and 18°C. day temperature 
supported only- 60 per cent as much growth; at 200 
f.c. 18°C. day temperature gave consistently better 
growth than 26.5 °C. 

This shift towards lower optimal light and dark 
temperatures when tomato plants are exposed to 
lower light intensities or to less light has been 
known among greenhouse growers. Dr. H. O. Ever- 
sole (see Hiatt, 1941) found this to be true for 
Phalaenopsis ; he always reduces the temperature 
in his greenhouse on cloudy days, and also lowers 
the temperature during the succeeding night. Under 
Ohio greenhouse conditions in spring the best day f 
temperature for Globe tomatoes is 18° on cloudy 
and 21-24°C. on sunny days (Hoffman, 1938). 

Only one investigation has been published in [ 
which the relation between light intensity and l 
temperature has been investigated quantitatively 
(Brandes and Lauritsen, 1940). With a 14.5-hour [ 

photoperiod they grew 1 1 varieties of sugar cane 
at 15° and 25.5 °C. and 33 foot-candles, and also j 
at 25,5 °C. and 90 f.c. In all cases the early growth f 
was greater at the higher temperatures, but invari- I 
ably the growth at high temperature and low light \ 
intensity stopped after 5-6 weeks, whereas at high j 
temperature and medium light intensity growth con- 
tinued, but at a decreasing rate; and at low tem- 
perature and low light intensity growth continued j 
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at a constant though slow rate. This experiment ships, since environment could not be controlled 
with sugar cane shows the same response to light sufficiently. 

and (constant) temperature as exhibited by the Curves similar to figures 1 and 2 were prepared 
tomato. for a number of other varieties (those shown in 

Temperature and disease incidence. — As a re- tables 3 and 4), and thus another variable was in- 
sult of growing tomatoes without interruption in the troduced, namely, varietal response, thus requiring 
greenhouse and in the adjoining field for a period four dimensions to portray growth in conjunction 
of several years, virus diseases gradually became with age and night temperature. This can be Re- 
established in the plants, and many of the plants complished by having a series of three-dimensional 
referred to in table 4 were diseased, which is the models lined up in a row. 

reason why the experiment was discontinued before As figure 7 shows, a portrayal of the relationship 
the same stage of growth was reached as that shown between total daily radiation and night temperature 
in table 3. Some marked differences in virus symp- as it affects stem elongation in young plants is also 
toms were observed. When subjected to a day tern- three-dimensional. When combined with the dimen- 
perature of 18°C., shoestring virus was common, sions of time (age of plants) and variety, a five- 
but at 26.5 °C. day temperature it did not occur, dimensional presentation becomes necessary. Simi- 
No apparent connection with night temperature was lar five-dimensional pictures could portray fruit 
observed. At the higher day temperature mosaic production or root development, 
was slightly more prevalent, but the latter disease Additional dimensions could be added by consid- 
was strongly correlated with high night tempera- ering day temperature, photoperiod and nutrition, 
tures. At 13° night temperatures no mosaic symp- It may be argued that the picture then becomes 
toms were visible; at 16° they were hardly dis- altogether too complicated. On the other hand, un- 
cernible, at 22° and 26° the diseased plants were less we know all interrelations between environ- 
very apparent, and at 30° night temperature the mental factors and the organism, no clear-cut pie- 
plants having mosaic showed systemic effects and ture is possible and we will remain in the indefinite 
were dwarfed. These differences persisted in spite stage we are now in, describing experiments as far 
of the fact that diseased and healthy plants were in as possible but not expecting complete reproduci- 
close contact during day or during night. Spotted bility because the response may be different under 
wilt developed only at high night temperatures. other conditions. A multidimensional presentation, 
Discussion. — Repeatedly in the present paper on the other hand, shows exactly the expected re- 
the reproducibility of results has been stressed, sponse under any combination of conditions. 

This means not only that the law of causality gov- To what extent the data collected in the present 
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SUMMARY 

The thermoperiodicity of tomato plants was 
studied in detail., considering interrelations between 
age of plant, light intensity and variety on the one 
hand, and stem elongation at six night and two 
day temperatures on the other hand. 

It was found that a gradual shift of the optimal 
night temperature occurred, from 30 °C. in small 
plants to 18°C. for the San Jose Canner and 13°C. 
for the Illinois T19 in the early fruiting stage. 

A similar response was found in 14 other tomato 
varieties, but they each had slightly different tem- 
perature characteristics. In general the English 
and Greenhouse varieties grew fastest and had the 
lowest optimal night temperatures. Western varie- 
ties had the highest optimal night temperatures, 


and Eastern varieties were intermediate between 
the other two as far as night temperature was con- 
cerned, but had the lowest absolute growth rates. 

When the tomato plants were grown in full sun- 
light, their optimal night temperature was higher 
than on cloudy days, provided they were shaded by 
other plants. In artificial light the optimal night 
temperature fell off very rapidly with decreasing 
total illumination. Incidence of virus diseases was 
greatly modified by both day and night temperature. 

In the discussion it is pointed out that these com- 
plex interrelationships are examples of a multidi- 
mensional causality, which can be presented prop- 
erly only in multidimensional models. 

William G. Kerckhoff Laboratories, 

California Institute of Technology, 

Pasadena, California 
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A MORPHOLOGICAL, DEVELOPMENTAL, AND CYTOLOGICAL STUDY OF FOUR 
SAPROPHYTIC CHYTRIDS. II. RHIZOPHYDIUM CORONUM HANSON 1 

Anne Marie Hanson 


Rhizophydium coronum was found on bits of 
cellophane twelve days after they had been added 
to a handful of dry dust and distilled water. The 
dust was collected from a clay bank near Sharon, 
Connecticut. A great variety of substrata in various 
suspensory liquids was tried for culturing the fun- 
gus, but to date all have been inadequate. Observa- 
tions recorded in this article were made chiefly 
from material present in the original sample which 
was practically unifungal. Some observations, how- 
ever, were made on material from subsequent col- 
lections when R. coronum was predominant over 
other forms. In the latter instances, portions bear- 
ing only R. coronum were cut out, rinsed with dis- 
tilled water, and maintained in the same liquid 
when not under observation. Reinfection does not 
take place in distilled water, but the thalli remain 
in good condition for several days. 

The general type of development, structure, or- 

1 Received for publication June 13, 1945. 


ganization, and life cycle of R . coronum are so 
similar to those of other species of Rhizophydium 
that it is unnecessary to describe them in detail. 
The present description will therefore be limited 
to cytological details, the development of the corona 
around the sporangia and other specific characteris- 
tics. As shown in figures 5 to 13, the germinating 
zoospore on the surface of the substratum enlarges 
to become the incipient sporangium, while the germ 
tube elongates and branches to form the rhizoidal 
system. 

As soon as the latter is firmly established in the 
substratum, the gelatinous sporangia! hull which 
characterizes the chytrid begins to develop. It first 
becomes visible as a hyaline envelope around the 
young incipient sporangium (fig. 8), and stains 
deep magenta with ruthenium red, indicating that 
the substance is pectinaceous. The hull is also stain- 
able with janus green and neutral red, staining 
blue-green with the former and rusty red with the 
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latter. In fixed preparations it is stainable with ing spore germination, as is shown in figure 21. 
gentian violet and orange G. While the incipient The original arrested sporangium in such cases per- 
sporangium is still quite small, the enveloping ma- sists as a basal appendage or apophysis. The hull 

trix gradually swells and becomes more transparent of such sporangia is asymmetrical and roughly fol- 

( fig. 9). The expanding hull, however, is not always lows the outline of the initial sporangium and its 
optically homogeneous. Denser areas frequently outgrowth. Sporangial outgrowths do not always 
radiate from the sporangial wall (fig. 10), and later enlarge to form new and larger sporangia, but may 
two or more clear-cut concentric zones are often encyst and become dark brown (fig. 22). When this 

visible (fig. 11-13, 16). Ordinarily, the number of takes place, the encysted outgrowth remains at- 

zones is two or three, but occasionally thalli with tached all during the development of the initial spo- 
six zones in the hull may be found. The width and rangium, but at the time of spore discharge it often 
density of the zones are variable, and they converge breaks off. 

toward the base of the sporangium (fig. 12, 14-18). The exact source of its material and manner of 
The region of convergence of the zones surrounding formation of the corona are not clearly evident. Its 
the base of the sporangium may at maturity become growth and expansion suggest the possibility that it 
deep golden to amber in color while the rest of the may be an exudate formed by the sporangial proto- 
hull remains hyaline and transparent (fig. 14-18). plasm which passes through the wall and adheres to 
The latter phenomenon is particularly prevalent in the surface as a hull. On the other hand, it may pos- 
old cultures. sibly result from gelatinization of the sporangial 

In addition to the normal type of development wall. No marked diminution in thickness of the wall 
shown in figures 5 to 13, variations frequently oc- has been observed during the origin of the corona, 
cur in R. coronum. For instance, incipient sporan- This in itself, however, is not significant, for if the 
gia may cease development and go into a dormant outer wall material gelatinizes as suggested, new 
phase for several days. In the interim a portion of wall material may be deposited on its inner surface, 
the hull immediately surrounding the sporangium In this event, the wall would maintain the same 
may become very dense (fig. 19, 20). When growth thickness. If the corona originates by gelatinization 
is resumed, the sporangium does not enlarge uni- of the sporangial wall as suggested above, the zones 
formly, but chiefly at the apex (fig. 19, 20). In this are interpretable as resulting from progressive gela- 
manner elongate sporangia with median constric- tinization and swelling of concentric lamellae cona- 
tions may often develop. In other instances when posing the sporangial wall. On the other hand, the 
growth is renewed the content grows out of the zones may also be interpreted as intermittent exuda- 
original sporangium and forms a new and larger tions from the sporangial protoplasm, 
sporangium at the apex in a manner similar to rest- While the incipient sporangium enlarges and its 

. 

Fig. 1-20.— Fig. 1, 2. Actively swimming zoospores. X 3360.— Fig. 3, 4. Zoospores with flagellar loops. X 3360- 
Fig. 5-7. Stages in germination of zoospores. X3360.— Fig. 8-10. Early stages in the development of the gelatinous 
hull of the incipient sporangium. X 3360.— Fig. 11. Apical view of a zonated hull. X3360. — Fig. 12. Lateral view of a 
zonated hull. X3360. — Fig. 13. Incipient sporangium with hull in tangential section. X3360. — Fig. 14-18. Coronal 
modification at the base of the sporangium. X 840 —Fig. 19, 20. Resumption of growth in young dormant sporangia. 
X840. — 

Fig. 21-39.— Fig. 21. Sporangium with outgrowth developing into a large sporangium while the initial sporangium 
remains attached like an apophysis. X 840.— Fig. 22. Sporangium with apically encysted outgrowth, x 1680.— Fig. 23, 
24. Accumulation of refractive material in the sporangiil protoplasm. X1680. — Fig. 25. Evenly granular stage. 
X1680. — Fig. 26. Aggregation of granules in groups. X1680. — Fig. 27. Cleavage of sporangial contents into poly- 
hedral zoospore initials. X 1680.— Fig. 28. Uninucleate incipient sporangium in section. X1680— Fig. 29. Young stage 
of incipient sporangium. X5040. — Fig. 30. Primary nucleus. X5040. — Fig. 31. Primary nucleus in early prophase 
with vacuolate nucleole. X 5040 —Fig. 32. Prophase reticulum oriented on nucleolus. X 5040.— Fig. 33. Later prophase 
with nodular chromosomes. X 5040. — Fig. 34. Elongate nodular chromosomes oriented on heterogeneous disk-shaped 
nucleolus. X 5040— Fig. 35. Discrete chromatic bodies in matrix below ring-shaped nucleolus. X5040. — Fig. 36. Sec- 
tion of sporangium with nuclei in metaphase. X1680. — Fig. 37-39. Metaphase nuclei, showing persistent nucleolus 
near the equatorial band of chromosomes. X5040. 

Fig. 40-48— Fig. 40. Sporangium with two exit papillae. X 1260.— Fig. 41. Sporangium with three exit papillae 
from fixed and triple stained material. X1260. — Fig. 42. Invaginated exit papilla of fixed and stained sporangium. 
X 3360.— Fig. 43. Swelling of an exit papilla, with hyaline material beneath it expanding. X 3360.— Fig. 44, 45. Dis- 
charging sporangia fixed in osmic acid and stained with a lacto phenol preparation of acid fuchsin-cotton blue. 
X1260. Fig. 46. Elongated spore mass surrounded apically by films of the sporangial hull (fixed and stained as 
above). X1260. Fig. 47. — Separation of layers around sporangial base prior to spore discharge. X840. — Fig. 48. 
I Empty sporangium with basally separated layers and rhizoidal axis drawn part way up into the sporangium. X3360. 

Fig. 49-61.— Fig. 49-52. Development of resting spore. X 1680.— Fig. 53. Stained resting spore. X 1680.— Fig. 54. 
Swelling resting spore hull with radiations perpendicular to the concentric zones. X 1680— Fig. 55-57. Germination 
4 re sthig spore with hull deliquescing. X1680. — Fig. 58. Germinating resting spore stained with ruthenium red. 

I X 1680.— Fig. 59. Resting spore shown in figure 58 prior to staining. X 1680.— Fig. 60. Resting spore with one zone 

1 of hull differentiated into blunt spines. X 1680.— Fig. 61. Resting spore with vestigial exit papillae. X1680. 
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gelatinous hull expands, the sporangial contents 
undergo the characteristic changes observable in 
most chytrids. Refractive globules appear in the 
cytoplasm and coalesce to form larger ones, and 
at the same time additional small globules continue 
to form (fig. 23). When the process of accumula- 
tion of refractive material is completed, the sporan- 
gial contents appear dingy grey or greyish-brown 
(fig. 24). Following this stage, the refractive mate- 
rial gradually becomes dispersed again so that the 
protoplasm appears more evenly greyish-granular 
(fig. 25). The tiny granules then aggregate in 
groups (fig. 26), and the sporangial contents sug- 
gest the “alveolar stage” described by Berdan 
(1941) for Catenochytridium carolinianum. As the 
sporangial contents continue to mature, the tiny 
granules coalesce to form the definitive globules of 
the zoospores, and as this takes place, the sporan- 
gial protoplasm gradually becomes less granular 
and more optically homogeneous. Subsequently, 
cleavage furrows become visible and delimit the 
polyhedral zoospore initials (fig. 27). 

Fixed and stained preparations show that the 
young incipient sporangium is uninucleate (fig. 28, 
29), and as a rule it remains in this state until the 
sporangium has attained its maximum size. As the 
young sporangium grows, its nucleus increases tre- 
mendously in size. To determine the magnitude of 
nuclear enlargement, measurements were taken of 
many nuclei and their respective sporangia. In 
young sporangia 8.3 to 11.2 /a in diameter, the pri- 
mary nucleus was found to be 1.5 to 2.2 / a in diame- 
ter, but in sporangia 25.4 to 33.6 p in diameter the 
primary nucleus was 6.0 to 9.7 /a in diameter. This 
shows an approximate increase in nuclear size of 
4.5 to 8.2 /a. This increase may be gauged visually 
by comparing figures 29, 30, and 31, which are of 
the same magnification. The sporangia, from which 
the primary nuclei shown in figures 30 and 31 were 
drawn, could obviously not be shown at the same 
magnification, since just one of them would practi- 
cally cover the entire plate. 

Densely staining granules usually are present in 
the cytoplasm around the primary nuclei (fig. 28- 

31) , but similarly staining chromatic granules also 
occur in other regions of the cytoplasm (fig. 28). 
The perinuclear granules may represent nuclear 
extrusions. However, the presence of similar gran- 
ules in other regions of the cytoplasm suggests that 
not all of these bodies have originated from the 
nucleus. 

In well fixed and stained preparations the pro- 
phase stages of division are easily recognizable. 
They resemble the prophasic configurations found 
by Karling (1937) and Hillegas (1940) in Clado- 
chytrium replicatum and Endochytrium opercula- 
tum , respectively. During the early prophases the 
chromatic reticulum is oriented on the nucleole (fig. 

32) . Figures 33 to 35 are interpreted as later pro- 
phase stages. They indicate that the nuclear reticu- 
lum (fig. 32) differentiates into elongate nodular 
chromosomes (fig. 33, 34). In figure 33 the nodular 


strands are not associated with the nucleole, but in 
figure 34 similar strands are oriented on the nu- 
cleole. The number of chromosomes has not been 
ascertained with certainty, but six to eight discrete 
bodies may be seen in the late prophase stage, as is 
shown in figure 35. 

The nucleole of prophase nuclei is variable in 
appearance. As shown in figures 32 and 33, it may 
be a biconcave disk, a monoconcave heterogeneously 
staining disk as in figure 34, or a ring-shaped struc- 
ture (fig. 35). These variations lead the writer to 
believe that the vacuolate nucleole shown in figure 
31 represents an early prophase, the vacuolation 
of the nucleole possibly representing the initial 
stage of nucleolar differentiation ultimately result- 
ing in a ring-shaped structure (fig. 35). The bicon- 
cave nucleoles of figures 32 and 33 in this event are 
interpretable as stages intermediate between figures 
31 and 35. 

Nuclear division is mitotic and simultaneous (fig. 
36). As in other chytrids so far studied, the division 
spindle is intranuclear (fig. 36—39). In the equa- 
torial plate stage, it extends across the nucleus as a 
relatively narrow spindle-shaped structure, its poles 
terminating in minute dense bodies from which faint 
cytoplasmic strands may radiate (fig. 37, 38). How- 
ever, these rays are not as prominent as those found 
by Hillegas in E . operculatum, At this stage the 
chromosomes are closely crowded, forming a nodu- 
lar band across the equator and are not readily dis- 
tinguishable as separate bodies. The nucleole, as in 
C. replicatum and E . operculatum , is persistent dur- 
ing division. In R. coronum it is even more promi- 
nent at the metaphase than in the two previous 
genera. It lies very close to the equatorial band of 
chromosomes, and under low magnifications appears 
to be a part of it (fig. 36). However, at higher mag- 
nification it appears distinct from the latter, aiid 
in Flemming's triple dye it stains brilliantly red in 
contrast to the reddish-violet color of the chromo- 
somes (fig. 37—39). 

For the discharge of zoospores one to five exit 
papillae develop. In living material the papillae 
appear as fairly low, broad projections under which 
occur slightly triangular hyaline areas (fig. 40) . In 
fixed and stained preparations, on the other hand, 
the papillae appear concave, as shown in figures 41 
and 42. This reversal in shape may perhaps result 
from dehydration and plasmolysis of the spore 
plasm whereby the papillae are invaginated. With 
further development, the wall of the papilla grad- 
ually softens and swells (fig. 43), and at the same 
time the hyaline material beneath it begins to ex- 
pand and push upward. As the papillar wall de- 
liquesces, the hyaline mass is pushed out by the 
emerging spores, distends, and surrounds the emerg- 
ing spores as a thin transparent layer (fig. 43, 44). 
As more and more spores emerge, it is distended 
further, and becomes progressively thinner. Very 
shortly thereafter the spore mass begins to elon- 
gate, becoming tear-shaped and pushes through the 
gelatinous hull around the sporangium. By this time 
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the hull itself has undergone partial deliquescence, 
and as the elongate spore mass reaches the surface, 
the major portion of it breaks off near the sporan- 
gium (fig. 46) and floats away. 

It was earlier stated by the writer (1944) that 
the hull usually deliquesces before spore discharge 
begins, but subsequent studies in conjunction with 
staining and fixation at the time of discharge have 
shown that deliquescence at the time of discharge, 
as described above, is far more prevalent. 

If there is more than one exit papilla in JR. coro- 
num, all function and discharge zoospores simulta- 
neously (fig. 44, 45). Most of the spores float off 
as elongate masses, as described above, but some 
remain in the sporangia. The latter swarm within 
the sporangia but eventually emerge one by one 
and swim away. The spores that float off in elon- 
gate masses remain quiescent for from one to three 
minutes, and then begin to oscillate. The flagellum 
is at first tightly wound around the spore body, but 
as the spore begins to move, the flagellum gradually 
unwinds. In from four to sixteen minutes the ma- 
trix around the spores disappears. The spores, how- 
ever, do not swim away directly but jerk about and 
appear to have great difficulty in freeing their flagel- 
lae as if the latter were entangled with each other. 

In conjunction with spore discharge, a peculiar 
differentiation takes place at the base of the sporan- 
gium. Two lamellae in this region separate, due pos- 
sibly to a swelling of a matrix between them (fig. 
47). The intervening substance has the same stain- 
ing properties previously described for the gela- 
tinous hull surrounding the sporangium. The basal 
separation of layers may (fig. 47) or may not (fig. 
40, 43) be evident prior to the emission of spores, 
but it usually becomes prominent as discharge be- 
gins (fig. 44-46). The basal mechanism appears to 
force the spore mass up against the sporangial apex 
and simultaneously pulls the rhizoidal axis up 
through the outer layer (fig. 44-47). Whether or 
not this basal differentiation is essential to spore 
discharge is not definitely known, but the structure 
persists in empty sporangia (fig. 48). In old cul- 
tures the basal mechanism may be compound, as 
shown in figure 15, previously referred to in rela- 
tion to coronal modifications. 

Formation and germination of resting spores . — 
As cultures age, asexual resting spores are formed. 
In the early stages they are similar in appearance 
to incipient zoosporangia (fig. 49). However, as 
development progresses, large amounts of refrac- 
tive material in the form of globules accumulate in 
them (fig. 50, 51). The latter coalesce so that 
eventually one or several large refractive globules 
are present (fig. 52). While this is going on, the 
spore wall thickens and becomes golden in color. 
Simultaneously the gelatinous hull differentiates 
into two (fig. 50-52) or three (fig. 53) zones, the 
outermost of which is almost as dense as the spo- 
rangial wall (fig. 50-52). Figure 53 drawn from 
fixed and stained material shows the solitary nu- 
cleus of the resting spore. 


When germination begins, the zones of the hull 
swell and become less dense, and sometimes radia- 
tions from the sporangial wall perpendicular to the 
zones and passing through them may be evident 
(fig. 54). While the hull is gelatinizing and swell- 
ing, the sporangial protoplasm undergoes charac- 
teristic changes similar to those described for many 
chytrids. When these changes have been terminated, 
a small zoosporangium develops apically or some- 
what subapically, as shown in figure 55. The hull 
of the resting spore may during this time deliquesce 
(fig. 55-57), but the developing zoosporangium is 
enveloped by a delicate corona of its own (fig. 58). 
The latter, however, is so delicate that it cannot be 
seen without the aid of staining with ruthenium 
red, janus green, or neutral red. Accordingly, it is 
not shown in figures 55 to 57 drawn from unstained 
material, but in figure 58, drawn from material im- 
mersed in a dilute aqueous solution of ruthenium 
red, it is clearly visible. Figure 59 represents figure 
58 previous to staining. In this instance (fig. 58) 
the gelatinous hull was found to be intact, unlike 
those represented in figures 55 to 57. 

In addition to the typical resting spores above 
described, some are occasionally found in which 
one zone of the hull has become folded around the 
spore wall (fig. 60). Resting spores showing ves- 
tiges of exit papillae in their walls (fig. 61) are 
also found. The latter indicate that resting spores 
are encysted sporangia. 

Relationships . — This chytrid is unusual in having 
a gelatinous hull or corona enveloping the zoospo- 
rangium and resting spore, but in other characters 
it is essentially like other species of the genus 
Rhizophydium in which it has been placed. 

R. coronum is the first chytrid with a gelatinous 
hull found in the New World, but a fungus with a 
somewhat similar hull was partially diagnosed by 
Lind in Sweden (1905). Because of Lind's meager 
illustrations and incomplete diagnosis, Sparrow 
(1943) included it as a doubtful member of the 
genus Rhizophydium , expressing doubt that the or- 
ganism was fungoid in nature. The discovery of 
R. coronum , however, indicates that R. gelatinosum 
(Lind) is most probably a similar fungus, though a 
marine counterpart, being epiphytic on a marine 
alga. Despite Lind's incomplete diagnosis, com- 
parison between R. gelatinosum and R. coronum is 
partially possible and seems warranted. 

The sporangia of R. gelatinosum are described 
as being spherical, 20-30 p in diameter. If they 
were all of this shape and size, then our American 
fungus exhibits greater variability in both size and 
shape, for in the latter they may be spherical, (11- 
49 p in diameter), or ovoid (10-48 X 14-54 p in 
diameter). In both species the sporangial wall is 
smooth and colorless. The width of the gelatinous 
hull of R. gelatinosum is given as consistently 3 p, 
but in R. coronum no definite measurement can be 
given, since it is not a static structure, but expands 
during growth of the zoosporangium. The number 
of exit pores given for R. gelatinosum is eight, the 
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greatest number recorded for species of Rhizophy- 
dium . In R. coronum no more than five have been 
observed, and in this respect it is more like R. 
sphaerotheca (Zopf, 1887) for which two to five 
exit papillae were recorded. Zoospores, resting 
spores, and rhizoids of R. gelatinosum were not 
described by Lind. Accordingly, comparison with 
R. coronum regarding these structures is impos- 
sible, 

SUMMARY 

Rhizophydium coronum is saprophytic on decay- 


ing vegetable debris in soil. In structure and devel- 
opment it is essentially like other species of Rhizo- 
phydium, but differs from all known members by 
developing a gelatinous hull or corona around its 
zoosporangia and resting spores. Resting spores 
develop asexually and in germination function as 
prosporangia. 

Department of Botany, 

Columbia University, 

New York 37, New York 
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PLANT NUTRITION IN RELATION TO DISEASE DEVELOPMENT. 
II. CABBAGE CLUBROOT 1 

J. C. Walker and W. J. Hooker 


In a previous paper (Walker and Hooker, 1945) 
the writers reported a study of the relation of plant 
nutrition, temperature, and inherent host resistance 
to the rate of development of cabbage yellows 
( Fusarium oxysporum f. conglutinans (Wr.) S. & 
H.). In a susceptible variety of the host the disease 
developed more slowly at 19°C. than at 25°, and 
at the lower • temperature it was suppressed still 
more with increase in salt concentration of a bal- 
anced nutrient solution. At 25° the effect of nutrient 
was in the same direction but less marked. In a 
variety with a moderate degree of inherent resist- 
ance the disease developed very slowly at 19° and 
no measurable effect of nutrient was observed. At 
25° the disease developed at about the same rate 
and with the same interacting effect of nutrient as 
in the susceptible variety at 19°. Omission of potas- 
sium in the nutrient tended to increase the disease 
rate while omission of either nitrogen or phosphorus 
tended to reduce it. 

Cabbage yellows is a typical vascular Fusarium 
disease in which toxic materials produced in the 
invaded xylem vessels are transported throughout 
the plant and a systemic toxemia brings on stunt- 
ing, chlorosis, leaf drop, vascular necrosis, and 

1 Received for publication June 35, 1945. 
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death. It may be classed as a hypoplastic disease. 
The clubroot disease ( Plasmodiophora brassicae 
Wor.) of the same plant causes quite distinct host 
reactions. Invasion by the parasite results in hyper- 
plasia and hypertrophy of the parenchymatous root 
tissue and in suppression of cell differentiation. 
This disease may be classed as hyperplastic. 

In this laboratory, Pryor (1940) studied the re- 
lation of nutrients to the development of clubroot. 
He used a one-tenth dilution of Hoagland’s solution 
identical in formula and concentration with that 
designated as O.lH in the study of cabbage yellows 
(Walker and Hooker, 1945) and increased or omit- 
ted the K and NO 3 ions. He found that the per- 
centage of infected cabbage plants was in general 
increased slightly over that of the balanced solution 
with an increase in nitrogen and in potassium, and 
with the omission of nitrogen, but the percentage of 
infected plants was markedly decreased with the 
omission of potassium. Inasmuch as these results 
indicated a response to nutrition at variance with 
that of yellows, the present investigation was un- 
dertaken to study further the effect of ion balance 
and also that of salt concentration upon disease 
development. 

Methods. — The method of plant culture and the 
nutrient solutions used were similar to those used 
for yellows (Walker and Hooker, 1945). Clubs were 
collected from naturally infected cabbage plants in 
the field, washed, frozen, and stored at — 10 °C. 
Inoculum was prepared by macerating clubs with 
water in a Waring blendor. The coarse debris was 
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removed by centrifuging the suspension in a Shar- 
pies centrifuge. The spore mass was suspended in 
water and centrifuged three successive times. The 
final suspension was adjusted to contain about 
65,000 spores per mm 3 . To each pot of quartz sand 
in which plants had been transplanted, 100 cc. of 
spore suspension was added. Two to four replicates 
of each treatment were made and the order of pots 
was randomized. 

Seed was sown in quartz sand watered with the 
basal solution (1H) and plants were transplanted 
to the pots two to three weeks later. As soon as the 
plants had recovered from transplanting, the test 
solutions were started and continued throughout the 
duration of the experiment. The reaction of the solu- 
tions as they drained from the pots was tested from 
time to time and the pH found to be within the 
range favorable for clubroot infection. Inoculations 
were made about two weeks after test solutions 
were started. Plants were grown for 30 to 68 days 
after inoculation. They were then removed and 
placed in one of four classes designated according 
to the degree of disease development as (1) free 
from clubs, (2) slightly diseased, (3) moderately 
diseased and (4) severely diseased. A disease index 
was calculated for each pot as follows: the number 
of plants in class 1 was multiplied by 0, that in 
class 2 by 1, in class 3 by 2, in class 4 by 3. The 
sum of the products multiplied by 100 was divided 
by 3 X total plants to secure the index. Thus the 
indices secured might range from 0, indicating all 
free from clubs, to 100, indicating all severely 
clubbed. 

Results. — In the first three experiments, concen- 
trations of 1/10 basal (O.lH), basal (1H), two 
times basal (2H), and three times basal (3H) were 
used. At each concentration a -f-K solution was 
used in which the concentration of the potassium 
ion was increased by 28 per cent, and a — K solu- 
tion in which the potassium ion was omitted after 
the plants had been inoculated. The results are 
given in table 1. 

The first experiment was run from December 13 
to February 19, a period of 68 days, during which 
light intensity was low and days relatively short. 
It is to be seen that the index was significantly 
lower at each concentration in the — K solution. 
There was no appreciable difference between the 
indices in the balanced and in the -|-K solutions. 
The indices rose with increase in concentration in 
both the balanced and the -f-K solutions. The only 
marked increase in the — K solution was at the 3H 
level. However, increases due to increase in con- 
centration were usually not significant. 

The second experiment was run from March 17 
to April 16, a period of 30 days. With increasing 
light intensity and day length, growth was more 
rapid than in the first experiment. The results 
showed again markedly less disease development 
in the — K solution. With the exception of the index 
at lH in the -f-K solution, there was a tendency in 
balanced, -f-K, and — K solutions for the disease 


Table 1 . J Relation of salt concentration and presence or 
absence of potassium to the clubroot index. 


Expt. number 
and date 

Nutrient 

cone. 

Disease index 

Balanced 

sol. -fKsol. - 

in 

-K sol. 


O.lH 

62 

58 

21 

l a 

1H 

70 

79 

20 

December 13 to 

2H 

80 

84 

22 

February 19 

3H 

82 

90 

34 


O.lH 

37 

39 

2 

2 b 

1H 

52 

27 

24 

May 17 to 

2H 

67 

70 

49 

April 16 

3H 

62 

75 

41 


O.lH 

37 

41 

39 

3 C 

1H 

73 

73 

47 

April 22 to 

2H 

69 

74 

39 

June 1 

3H 

83 

94 

54 


a Least significant difference between treatments (19:1) : 
24.3. 

b Due to variability between replicates treatment dif- 
ferences could not be detected by statistical analyses. 

c Least significant difference between treatments (19:1) : 
32.8. 


index to increase from O.lH up to 2H, but little 
difference was evident between 2H and 3H. The 
variability between replicates in this experiment 
prevented demonstration of treatment differences 
by statistical analysis. 

The third experiment ran from April 22 to June 
1, a period of 40 days, during a time when light 
conditions were even more favorable for growth. 
There was no appreciable difference in disease be- 
tween balanced, -j-K, and — K solutions at O.lH, 
where the total amount of growth of the host was 
least. At 2H and 3H the indices in the — K solu- 
tion were in each case significantly lower than they 
were in the -j-K solutions. In the balanced and -f-K 
solutions the indices were significantly lower in the 
O.lH solution than in either of the three highest 
concentrations, but differences between the last 
three mentioned were not great. 

The results of the three experiments indicated 
that in young plants clubroot developed best in a 
balanced solution or in one in which potassium was 
increased, while omission of potassium reduced dis- 
ease development. The differences between the — K 
solution and the other two solutions tended to be 
less in the second and third experiments when light 
conditions favored most rapid growth of the host 
plants. 

The above experiments indicate a suppression of 
disease in the absence of potassium and a tendency 
for the growing conditions to influence the results. 
During the following season, two experiments were 
conducted at the 2H concentration. Experiment 4 
was run from November 23 to January 5, a period 
of 43 days, when light intensity was low and days 
short. Experiment 5 was run from March 10 to 
April 20, a period of 41 days, when light intensity 
and day length were more favorable for growth. 
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Table 2. Relation of salt concentration and balance to the clubroot index . Experiments 4 and 5. 


Experiment 4 Experiment 5 

Nutrient balance Ave. weight of Yellows Clubroot Ave. weight of Clubroot 

(SH cone.) uninoc. plants index index a uninoc. plants index b 

grams grams 


Balanced 6.84 53 50 20.47 78 

+N 8.34 46 67 20.68 93 

— N 1.97 42 , 80 1.25 91 

+P 7.56 48 59 14.35 80 

— P 7.82 41 23 15.37 60 

+K 8.53 58 64 24.82 94 

— K 6.86 83 42 4.84 88 


a Least significant difference between treatments (19:1): 22.2. 
b Least significant difference between treatments (19:1): 18.1. 


The balanced solution was compared with solutions 
in which potassium, nitrogen, and phosphorus, re- 
spectively, were omitted, and with solutions in which 
nitrogen, phosphorus, and potassium were increased 
above the balanced solution at the ratios of 1.15 to 
1, 2.0 to 1, and 1.28 to 1, respectively. In experi- 
ment 4 a parallel series with yellows was added. 
Parallel uninoculated pots were included and at the 
end of each experiment the fresh weight of the tops 
of healthy plants was determined. The results of 
the two experiments are given in table 2. 

In the balanced solution the weight of tops in 
experiment 5 was approximately three times that in 
experiment 4, reflecting the much better growing 
conditions in the former. In experiment 4, statisti- 
cal evaluation indicated no significant difference in 
amount of growth in the various solutions except in 
the — N solution. In experiment 5, growth in both 
the — N and — K solutions was distinctly less than 
in the remaining solutions. 

Insofar as yellows was concerned, the greatest 
effect was that of significant increase in the disease 
index in the — K solution. Decreases in — N and 
— P solutions occurred but they were less pro- 
nounced. In the same series clubroot was enhanced 
slightly in -|-K, more so in -j-N, but most in — N 
solution where the index was significantly higher 
than in the balanced solution. It was suppressed in 
— K and significantly so in — P. With respect to N 
and K‘, this was in accord with the results of Pryor 
(1940). In experiment 5, the disease advanced 
generally much farther in a 41 -day period than in 
the 43-day period of experiment 4. Excess nitrogen 
and absence of nitrogen caused higher indices. The 
difference between -f-K and — K was reduced to a 
negligible amount. The - — P solution again sup- 
pressed disease development appreciably. As indi- 
cated previously in experiment 3, the better condi- 
tions of growth tended to reduce the differential 
effect of various solutions. 

Discussion. — In this investigation the balance of 
nitrogen and potassium was varied in the same 
manner as in the study reported by Pryor (1940). 
However, the concentration of salts used was 20 
times higher than in the earlier work, and a disease 


index instead of percentage of infected plants was 
employed as a measure of disease development. The 
results of the present investigation confirm those 
of Pryor insofar as effect of nitrogen and potassium 
on clubroot development is concerned. 

In view of the fact that yellows and clubroot in- 
volve quite distinct types of relation between the 
same host and two quite different parasites, it is of 
interest to compare the results presented in this 
paper with those presented earlier in a similar in- 
vestigation with yellows (Walker and Hooker, 
1945). Increase in salt concentration retarded yel- 
lows and enhanced clubroot. Excess nitrogen in- 
creased both diseases; lack of nitrogen increased 
clubroot but decreased yellows. Excess of potas- 
sium enhanced clubroot development but had no 
appreciable effect upon yellows. Lack of potassium 
had a profound influence upon both diseases but 
affected each differently; yellows was decidedly 
increased, while clubroot was markedly retarded. 
Excess phosphorus had little effect on either dis- 
ease ; lack of phosphorus retarded both yellows and 
clubroot. 

It would appear that the absence of potassium 
or excess of nitrogen in the nutrient solution either 
enhanced the pathogenicity of the yellows organism 
in the xylem vessels or increased the susceptibility 
of the host to the toxic materials produced in the 
xylem ; increase of the concentration of the balanced 
solution in general had an opposite effect. 

In the case of clubroot, increase in disease sever- 
ity is dependent upon increased growth activity in 
infected meristematic tissues. It might be expected, 
therefore, that nutritional effects which increased 
growth would increase the disease index. There was 
such a correlation when growth increased as a re- 
sult of greater salt concentration. However, it is 
clear that the influence of nutrition on clubroot is 
not merely an influence upon growth rate of the 
host. Omission of nitrogen suppressed growth of 
the plant most promptly and extensively of all nu- 
trient variations used, but it also resulted in club- 
root enhancement. On the other hand, omission of 
potassium, although it reduced growth, usually re- 
sulted in clubroot suppression. It was also evident 
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‘that when length of day and light intensity were 
most favorable for growth of cabbage seedlings the 
differential effect of salt balance was less pro- 
nounced. The effects of nutrient upon disease ex- 
pression in plants are varied and so far not readily 
explained. They are probably exerted upon the host 
and pathogen separately as well as upon the inter- 
action of the two organisms. 

SUMMARY 

The development of clubroot in young cabbage 
plants was studied in relation to salt concentration 
and balance in the nutrient solution. 

Increase in salt concentration in a balanced solu- 
tion tended to increase the disease index. 

Excess of potassium and excess of nitrogen in- 
creased the disease index; increase of phosphorus 
had little effect. 

Omission of potassium or phosphorus usually 
decreased, while omission of nitrogen increased the 
disease index. 


When light conditions and salt concentration 
were favorable for good growth of the host, the 
effect of salt balance was less evident than under 
conditions in which the plants grew more slowly. 

Department of Plant Pathology, 
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CELL ELONGATION AND THE DEVELOPMENT OF ROOT HAIRS IN 



TOMATO ROOTS 1 
R. G. H. Cormack 


In previous papers, the present writer (Cormack, 
1935, 1937, 1944) studied the effect of environ- 
mental factors on root-hair development and the 
physical and chemical changes produced in the walls 
of the elongating epidermal cells. The last paper 
(1944), considered also the emergence of a hair and 
its final position in the mature cell. With regard to 
this particular aspect of the problem several obser- 
vations and opinions have been reported. Snow 
(1905) has found that in corn the hair originates 
near the tip of the root where the cells are isodia- 
metric. Nearly the whole wall curves at first, but 
with the continued stretching of the cell this pri- 
mary bulge becomes a papilla. Roberts (1916) has 
shown that in endive and lettuce roots grown in 
moist air the initial formation of the root hair is 
indicated by a general swelling of the outer wall of 
the epidermal cell and that further swelling, fol- 
lowed by growth, takes place at the less resistant 
portion of the wall. Cormack (1935) has concluded 
that in the formation of a hair in cabbage and white 
mustard roots, the wall is pushed out at its softest 
point invariably at or near the apical end of the cell. 
The extreme shortness of these cells indicates that 
longitudinal growth has ceased by the time the hairs 
start to grow. 

In their study of cell polarity and the differentia- 
tion of root hairs in related genera of the grass fam- 
ily, Sinnott and Bloch (1939) have assumed that 
there is a strong apical tendency in the formation of 
root hairs in the epidermal cells of Phleum and a 
very much weaker tendency in j Sporobolus. Brum- 
1 Received for publication February 27, 1945. 


field (1942) has confirmed this constant apical posi- 
tion of the hairs in Phleum roots. The present writer 
(1944) investigated again the development of hairs 
in Phleum and Sporobolus. In Phleum the hair origi- 
nates as a narrow bulge at the apical end of the cell 
and remains there. On the other hand, in Sporobolus 
the hair originates as a wide bulge directly at or very 
near the apical end of a young cell, while in a mature 
cell its position is more central. All evidence indi- 
cates that the cells are still growing in length in the 
hair-producing region of Sporobolus roots. 

The present paper reports the results of a study 
planned to throw more light on how this change in 
position of the papilla takes place and the ability of 
a papilla to grow into a hair. It also includes a fur- 
ther study of the effects of environmental factors on 
elongating cells. 

For the present study roots of tomato seedlings 
were chosen as the experimental material, for these 
roots are similar to Sporobolus in their root-hair 
development (Cormack, 1935) and, being larger, 
are much easier to study. 

Experiments and results. — The origin and de- 
velopment of root hairs in moist air . — Seeds of to- 
mato (Ly coper sicum esculentum Mill.) germinate 
readily between moist blotters at room temperature 
(22 °C.). The roots grow rapidly and when they 
have reached a length of 1.5-2 cm., are stained in 
methylene blue for a few minutes and then examined. 

A preliminary examination has confirmed the ob- 
servations of the earlier study, that the epidermal 
cells are all of one kind, that any cell may form a 
hair and that there is a mingling of papillae and 
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hairs of varying length in the mature region. How- 
ever, the epidermal cells are long and since many 
are hairless, the hairs appear to he sparsely distrib- 
uted over the whole surface. Roberts (1916) has 
reported the mingling of papillae and hairs when 
roots of alfalfa, cabbage and V erb as cum are grown 
in moist air, but no definite conclusions have been 
reached as to its cause. 
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Fig. 1-6. Strips of epidermis from roots grown in moist 
air. The root apex is toward the bottom of the page in 
all figures. Circles represent bases of papillae; all fig- 
ures X150. — Fig. 1. Immature region of the root, the 
papillae emerging near the apical ends of the cells. — 
Fig. 2. Mature region of the same root shown in figure 1, 
with the papillae In the middle of the cells. — Fig. 3-6. 
Individual rows of cells from different roots, viewed from 
the side to show a series of successively older cells A-E, 
with B the first papilla-producing cell in each row. The 
position of the nucleus is indicated. — Fig. 3, 4. Successive- 
ly older cells C, D and E show a marked increase in total 
cell length, with a corresponding increase in the apical 
portion of the cell wall over that of cell B, with little 
change in the basal portion. The bulge remains a papilla. 
— Fig. 5, 6. Successively older cells C, D and E show 
little increase in total cell length and length of the apical 
portion, and the papilla grows into a hair. 


A more critical examination has yielded results 
which are best presented by a series of drawings. 
Figure 1 represents the immature region of the root 
where the papillae first make their appearance. A 
papilla emerges as a wide bulge measuring 18—32 p 
in diameter near the apical end of a cell. As in 
Sporobolus , however, due to the wide nature of the 
bulge, care must be taken not to confuse papillae that 
are just emerging with those that have already 
emerged but have stopped growing. This is particu- 
larly difficult to determine in roots where the smooth 
zone preceding the region of first-formed papillae 
is greatly extended and where very few papillae 
develop. In roots of this kind all the epidermal cells 
are extremely long and the first sign of a papilla 
occurs much nearer the middle of the cell. Figure 2 
represents the mature condition of the same root 
illustrated in figure 1. Here all the cells are very 
much longer and the papilla occurs near the middle 
of a cell. That the papilla-bearing cells continue to 
grow in length for some time, can be determined by 
measuring various parts of the outside walls of both 
fully-grown cells and cells that are just beginning 
to form papillae. The usual procedure is to measure 
one hundred immature and one hundred fully-grown 
cells from ten roots and thus to determine the aver- 
age increase in length. In one such instance the 
fully-grown cells show an average increase in total 
cell length of 60 of this the apical end (below the 
papilla) increases 51 p and the basal end (above the 
papilla) 9 /x. From these results it is clear that a cell 
continues to grow in length after a papilla begins 
to push out and that growth occurs mainly at the 
apical end. In some roots where longer hairs de- 
velop, the condition of the mature region is much 
the same. In other roots, hairs are more densely 
developed for a short distance at the very top. In 
this region the cells are much shorter than those 
developed later and almost every cell forms a long 
hair. 

To study the growing papilla-forming cells more 
closely a series of four or five successive cells in indi- 
vidual rows are measured. For this study only rows 
are selected where each successive cell of the series 
has formed a papilla and where it is apparent that 
all the cells under observation are growing at an 
approximately uniform rate. Figures 3—6 illustrate 
typical rows of this kind. The youngest cell is 
marked A, the first cell to produce a papilla is 
marked B, and successively older cells C, D, and E. 
In the four typical examples illustrated the papilla 
is seen to emerge as a wide bulge near the apical 
.end of cell B. Successively older cells C, D and E 
in figure 3 and G and D in figure 4 show a marked 
increase in total cell length and a corresponding 
increase in length of the apical portion of the cell 
wall over that of cell B, with little change in length 
of the basal portion. In each of these older cells the , 
papilla fails to grow into a hair and assumes a more ! 
central position. The reverse is f ound in figures 4-5. j 
Here successively older cells C, D and E show little | 
or no increase in total cell length, over that of cells j 
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A and B. In each of these older cells the papilla 
grows into a long straight hair in almost its original 
position. This is most noticeable in cell E (fig. 6) 
where growth of the hair is very rapid. The base of 
the hair is wide and sloping and the hair itself grows 
straight out at right angles to the axis of the root. 
Hairs of this kind have been described in Sporobolus 
roots (Sinnott and Bloch,, 1939; Cormack, 1944). 

The weight of evidence is for continuation of 
elongation of a papilla-producing cell and for more 
rapid growth in the apical end of the cell than in the 
basal end. Accordingly the final position of the ma- 
ture papilla or hair will depend on the length of 
time the apical end continues to grow. If this period 
is short the original apical position will be more or 
less maintained^ if greatly protracted; the papilla 
will be found in the middle and occasionally in the 
basal portion of the full-grown cell. The length of 
time elongation continues also determines whether 
the papilla remains or whether it grows into a hair. 
Such may be the explanation of the mingling of 
papillae and hairs of varying length in the mature 
region of tomato roots. 

Presumably the length of time during which indi- 
vidual cells continue to elongate will depend on dif- 
ferences in metabolic activity, differences in response 
to environmental conditions and differences in inter- 
cellular relationships. Concerning the influence of 
the growth of one cell on another, Snow (1905) has 
concluded that the lagging behind of the inner cells 
of the cortex in corn roots during the elongation 
period allows the papilla to become a hair. This 
theory has been strongly supported by Jeffs (1925). 
More recently Sinnott and Bloch (1939a) in their 
study of differential wall growth in Phleum roots 
have been able to show that the cells do not slide 
along one another, but are held so firmly together 
that points in adjacent cell walls which are originally 
opposite each other are still opposite after these cells 
have greatly elongated. Moreover they have shown 
that those portions of adjacent cells opposite the 
slowly growing trichoblasts do not grow as fast as 
the parts opposite their faster growing sister cells. 

From the results of the present study, the writer 
is of the opinion that as individual cells grow dif- 
ferentially they exert an influence upon the growth 
of neighboring cells. Some evidence of this is ob- 
tained by examining the arrangement of fully- 
grown cells in the mature region of the root. In 
general, the apical end of a mature papilla-bearing 
cell is longer when adjacent to hairless cells than 
when adjacent to other papilla or hair-bearing cells. 
Similarly the apical end is longer when opposite the 
apical end of an adjacent papilla-bearing cell than 
when opposite the basal end of the same kind of cell. 
He also thinks, that though individual cells grow 
differentially, all the surface cells in the same region 
of the root elongate at a uniform rate. Some evi- 
dence in support of this viewpoint is obtained by 
examining roots with alternating zones of longer 
and shorter cells. In each zone, though the cells vary 
in length all the cells are noticeably longer or shorter 


than those in the zone either directly above or below. 
It has also been shown (Cormack, 1935, 1944) in 
roots where zones of longer and shorter cells are 
produced by suddenly changing the environmental 
conditions that all the cells at the same level react 
at the same time to the new conditions. 



Fig. 7-15. Strips of epidermis from the mature region 
of roots developed in various experimental solutions. The 
root apex is toward the bottom of the page in all figures ; 
all figures X 150. — Fig. 7, 8. Roots developed in tap 
water; all cells extremely long. — Fig. 7. Hairless type of 
root. — Fig. 8. Root with scattered papillae, which occur 
in the middle of the cells. — Fig. 9, 10. Roots developed 
in a neutral, saturated CaS0 4 solution. Circles represent 
hair bases. In figure 10, all the cells are longer and pro- 
duce shorter hairs. — Fig. 11-13. Roots developed in 
slightly alkaline CaS0 4 solutions, showing mild injury of 
the epidermis.— Fig. 11. Hairless; the walls of some cells 
are broken (indicated by dotted lines). — Fig. 12. Hair- 
less; cells pulled apart at the corners to form diamond- 
shaped and triangular intercellular spaces. — Fig. 13. Cell 
walls intact; a few stunted hairs, found at the apical 
ends. — Fig. 14, 15. Various forms of abnormal cells pro- 
duced in slightly acid distilled water. Swelling and sepa- 
ration of the cells indicating lack of stability in the 
primary wall. 
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Table 1 . Measurements of the length of different farts of epidermal cell malls and of hairs grown in various experi- 
mental solutions. All the measurements are from the mature region of each root and represent the average of the 
cells illustrated in the figures referred to. 


Experimental 

solution 

Length of 
apical end 
in microns 

Diameter of 
papilla or 
hair base 
in microns 

Length of 
basal end 
in microns 

Total length 
of cell 
in microns 

Length of 
hairs 

in microns 

Tap water, hairless root (fig. 7) 




298 


Tap water, hairless cells (fig. 8) 




319 


Tap water, papilla-producing cells (fig. 8).. 

101 

24 

123 

248 

papillae 

Saturated CaS0 4 (fig. 9) 

11 

21 

14 

46 

1300-1800 

Saturated CaS0 4 (fig. 10) 

26 

27 

48 

101 

300-450 


Another point of interest is the position of the 
nucleus in the papilla-producing cell. Haberlandt, 
according to Farr (1927), has concluded that the 
nucleus lies along the exterior wall in the vicinity 
of the incipient protruberance. Windel, according to 
the same authority, and Farr himself (1925), have 
corroborated Haberlandt’s findings, namely, that 
the nucleus in many species follows along at a rather 
uniform distance behind the growing hair tip. Later, 
Farr (1928a) was of the opinion that the nucleus 
interferes with the streaming of the protoplasm in 
duplex hairs and thus retards growth of the hair. 
Previous to this, Roberts (1916) had reported no 
relation between the position of the nucleus and the 
formation of a hair. In the present study the nu- 
cleus is found in the vicinity, and is frequently close- 
ly appressed to the exterior wall of the developing 
papilla (fig. 3-6), thus corroborating Haberlandt’s 
observations. How it influences the initiation of a 
papilla is still a matter of conjecture. 

Whether root hairs develop in a similar manner 
in the soil is not known. If they do, it is not likely 
that serious rupturing of the hairs occurs, for when 
the surface cells are still elongating the hairs are 
mainly papillae and when longer hairs develop longi- 
tudinal growth has practically ceased. 

The origin and growth of root hairs in aqueous 
solutions . — The next series of experiments are de- 
signed to produce changes in root-hair development 
by manipulation of the amount of calcium and of 
the hydrogen-ion concentration of the aqueous solu- 
tion. In a long series of papers already listed in the 
writer’s earlier work, Farr (1925-1928) and Mrs. 
Farr (1927-1929) have shown that calcium and a 
suitable pH are indispensable for the elongation of 
root hairs in aqueous solutions. Later it was shown 
(Cormack, 1935) that calcium fails to unite with 
pure pectic acid in an acid medium and that in neu- 
tralizing the pectic acid there may be weak or 
strongly calcified pectates. Subsequent experimenta- 
tion with living roots at that time and later (Cor- 
mack, 1944) has shown that the amount of calcium 
and the pH of the solution modifies the rate at which 
calcification of the cell walls takes place and thus 
determines the capacity to produce root hairs, and 
also determines the shape and length of the hairs 
themselves. 


Earlier tests with tomato roots (Cormack, 1935) 
has shown that in tap water all the epidermal cells 
are long and the hairs are sparsely developed. 
Slightly alkaline calcium salt solutions produce short 
cells, every one forming a long hair. However, the 
results already obtained necessitate a more critical 
study of the reaction of the epidermal cells to vari- 
ous solutions. 

Young seedlings with roots about 2 mm. long are 
mounted in holes in a thin sheet of cork. The cork 
bearing the seedlings is then floated on the surface 
of the experimental solution, in a small dish, the 
roots hanging vertically downwards. Once again the 
results of the experiments can best be presented by 
a brief description of the epidermis, with reference 
to illustrations of rows of cells (fig. 7-15) and 
measurements which are recorded in table 1. 

Hairs are sparsely developed in tap water, thus 
confirming the observations of the earlier study. 
Although hairs are formed for a short distance near 
the top, the roots soon become hairless (fig. 7) or 
papillae and very short hairs develop (fig. 8). The 
general effect is to favor elongation of the epidermal 
cells and to suppress development of papillae and 
hairs. Where papillae develop (fig. 8), they are 
found well toward the middle of the mature cells. 
The extreme length of both hairless and papilla- 
bearing cells is shown in table 1. In some roots the 
cells are not as long as those illustrated, but the gen- 
eral condition of the epidermis is the same. 

The best development, and the longest hairs are 
produced in a saturated solution of calcium sulphate 
in distilled water at about neutrality. The most 
striking and uniform results are obtained by allow- 
ing the roots to grow in tap water for about ten 
hours before transfer to the calcium solution. The 
roots are examined after they have reached a length 
of 8-15 mm. Many roots are densely haired from the 
top to the tip, while other roots show zones of denser 
and sparser hairs. The general effect is to stimulate 
the production of hairs and to increase their length 
(fig. 9, 10 and table 1). In figure 9 the cells are so 
short that the hair base occupies the greatest part 
of the outside wall, usually at the apical end. In 
figure 10 all the cells are longer and they pfoduce 
much shorter hairs. That cell division is also stimu- 
lated in the meristem is evident by the increase in 
the number of cell rows. 
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Tomato roots are found to be exceedingly sensi- 
tive to changes in pH. By slightly increasing the 
alkalinity, root-hair development is noticeably re- 
tarded until at a pH of about 8 the roots become 
hairless, with or without injury to both epidermis 
and cortex (fig. 11-13). In figure 11, the outer walls 
of a few cells are broken. In figure 12, the cells are 
pulled away at the corners to form diamond-shaped 
and triangular intercellular spaces. This condition 
of the epidermis is in sharp contrast to the compact 
arrangement of the epidermal cells under normal 
conditions. Similarly shaped intercellular spaces 
have been demonstrated (McPherson, 1939) to arise 
in the meristem of corn roots through a pulling apart 
of the cortical cells at the corners. More recently, 
Hulbary (1944) has described their origin in the 
stem tips of Elodea. In figure 13, no injury occurs 
and an occasional cell forms a stunted hair at the 
extreme apical end. 

In still more alkaline solutions with a pH of 8 to 
10, very severe injury occurs. All the cells are ex- 
tremely short and both epidermis and cortex are so 
badly ruptured that it is impossible to make accurate 
drawings. The differential effect of the pH of the 
solution on the stele and on the cortex has been 
pointed out by Farr (1928). In alkaline solutions 
the bundle continues to elongate, rupturing the cor- 
tex, while in very acid solutions the cortex frequently 
becomes wrinkled and pulls away locally from the 
bundle. As recorded previously (Cormack, 1935, 
1944), the rupturing of the cortex is attributed to 
the too-rapid change of the pectic acid lamellae of 
the elongating epidermal and cortical cells into a 
strongly calcified pectate. The results obtained with 
tomato roots in alkaline calcium solutions serve to 
strengthen that viewpoint. 

A noteworthy feature of many roots grown in 
alkaline calcium solutions is the peculiar condition 
of the root cap. In these roots many root-cap cells 
are found adhering to the epidermis over wide areas. 
In other roots the root-cap cells are found hanging 
together in long sheets curled forward over the apex 
of the root. These two conditions of the root cap are 
in sharp contrast to that in tap water, where the 
root-cap cells slough off gradually behind the root 
apex. This peculiar condition of the root-cap cells 
suggests that the pectic acid of their middle lamellae 
has become strongly calcified. 

The next series of experiments are designed to 
test the effect of calcium deficiency and acidity of 
the aqueous solution. For this study seedlings are 
grown in distilled water with a pH of 6.0 to 6.6. The 
roots grow poorly and the general effect is to sup- 
press or inhibit completely the development of hairs. 
Some roots produce a scattering of papillae and short 
hairs but the majority are hairless. In these roots a 
few large, swollen cells are occasionally observed 
among the papilla-forming cells. By adding very 
small amounts of hydrochloric acid to the distilled 
water, abnormalities of this kind are increased, until 
at a pH of about 5 the roots fail to grow. The appear- 
ance of these roots is not uniform. In some the epi- 


dermis is obviously swollen and deformed while in 
others it is smooth and hairless. The abnormality 
of the mature tissue is due to the effect of the solu- 
tion on the elongating cells (fig. 14, 15). In figure 
14, almost every cell is swollen, particularly at the 
apical end, while in figure 15 not only are the cells 
swollen, but some are separated at their end walls. 
These abnormalities can be explained on the basis 
of internal pressure on a wall that has been unequal- 
ly hardened. In this regard it is interesting to note 
(fig. 14, 15) that some cells are able to affect hard- 
ening of the basal portion of the exterior wall, with 
only the apical end becoming swollen, while other 
cells are not able to do so and thus the whole exterior 
wall is pushed out. 

It may be seen from figures 7, 8, 9, 10 and from 
table 1, that there is a definite relationship between 
epidermal-cell length and length of the full-grown 
hairs. The longest cells are hairless, somewhat 
shorter cells may form papillae, while the shortest 
cells produce hairs nearly 2 mm. long. 

These results would seem to indicate that each 
epidermal cell has a certain capacity for growth 
which may be expressed either in a longitudinal or 
horizontal direction. This difference in cell length 
is based on the rate at which calcification of the cell 
walls takes place. It is conceivable that if it takes 
place too slowly (fig. 7), the soft, plastic nature of 
the middle lamellae will allow the cells to elongate 
rapidly and thus no hairs will form. If it takes place 
much more rapidly (fig. 9, 10), elongation will be 
arrested while the cells are still short and, due to 
increasing pressure from within, a papilla will be 
pushed out and will grow into a long hair. The oc- 
currence of papillae in the mature region (fig. 8) 
represents an intermediate condition between these 
two extremes. 

The experiments with tomato roots in various 
solutions show that these roots are extremely sensi- 
tive to changes in pH and that, in general, hairs are 
sparsely developed. In this regard they differ quite 
markedly from roots of cabbage and Phleum (Cor- 
mack, 1935, 1944) which produce dense hairs in 
aqueous solutions and withstand a comparatively 
wide range in pH. This difference in root-hair pro- 
duction is attributed to differences in the character 
of the epidermis. For example, in cabbage and 
Phleum roots the epidermal cells are differentiated 
in the meristem into short and long cells. In the 
former plant, rows of short cells alternate with rows 
of long cells, while in the latter, short cells alternate 
with long cells in the same row. In both cases, the 
short cells are more densely protoplasmic and under 
most conditions are able to bring about the gradual 
change from pectic acid to calcium pectate in their 
cell walls at an early stage and thus form hairs. 
The long cells are more acid and their walls are not 
calcified at this stage, thus they remain hairless. It 
is only under limited conditions that the long cells, 
with their acidity neutralized, produce long hairs. 
On the other hand, the epidermis of tomato roots is 
not differentiated into long and short cells. All the 
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cells are of one kind and although they are all long, 
they vary in length in the same region under the 
same conditions. The length of the cells and their 
highly vacuolated condition in the elongating zone 
suggest that they are all of the “long-cell type.” The 
relatively poor development of hairs in aqueous solu- 
tions under most conditions and extreme sensitivity 
to changes in pH substantiate this viewpoint. The 
similar condition of the epidermis in Sporobolus 
suggests that the same conclusions are also valid 
here. 

Discussion. — Within recent years the develop- 
ment of special techniques and the use of the hori- 
zontal microscope have enabled a number of investi- 
gators to view directly the growth of living epider- 
mal cells. In this way, both Jeffs (1925) and Farr 
(1928b) were able to watch the elongation of living 
root hairs. Jeffs has observed in roots of corn, radish 
and mustard growing in moist air that there is an 
overlapping of the region of root hairs with the 
region of elongation. As a result the emerging root 
hairs are carried along laterally for a few hours. 
The rate of root-hair elongation gradually increases 
as lateral movement of the hair is retarded. Farr 
has found that root hairs of Georgia collards in water 
elongate at a constant rate from the start, thus indi- 
cating that the epidermal cells or root have already 
ceased elongating in the region which is producing 
root hairs. 

By similar methods, Sinnott (1939) and Sinnott 
and Bloch (1939, 1939a) have watched the division 
and subsequent growth of epidermal cells in delicate 
grass roots. It has been shown that in individual 
epidermal cells of Phleum roots the end of the cell 
toward the base of the root attains its final size soon- 
er than the apical end of the same cell. By improv- 
ing this technique, Brumfield (1942) has shown also 
for Phleum roots that different parts of the same 
cell may be growing at quite different rates at the 
same time. In one case in particular, the basal end 
of an epidermal cell stops growing first, the middle 
part next and the apical end last, the cessation of 
growth passing along the cell from base to apex. 

Evidence obtained in a previous study with Sporo- 
bolus roots (Cormack, 1944) has indicated that an 
epidermal cell may continue to grow after a papilla 
begins to push out and that as a result the papilla 
may occupy a more central position in the full-grown 
cell. In the present study with tomato roots, meas- 
urements which have been made of papilla-bearing 
cells not only substantiate this viewpoint but for the 
first time show that the apical end of the cell con- 
tinues to grow after the basal end has stopped. Ac- 
cordingly the length of time the apical end continues 
to grow will determine the final position of the ma- 
ture papilla. And furthermore, at this time added 
evidence has been obtained to show that there is a 
definite relationship between epidermal-cell length 
and length of the full-grown hair. The longest cells 
are either hairless or produce merely papillae, while 
the shortest cells produce the longest hairs. The 


changes produced on the elongating epidermal cells 
of tomato roots in the various aqueous solutions are 
extremely pronounced and the results are in accord- 
ance with the theory, suggested by Roberts (1916) 
and substantiated by Cormack (1935), that root 
hairs are evaginations produced by internal pres- 
sure on plastic portions of an unequally hardened 
cell wall. They also corroborate the further observa- 
tion (Cormack, 1935) that the hardening is due to 
the incorporation of calcium into the primary cell 
wall. 

The discovery that different parts of an epider- 
mal cell are growing at different rates at the same 
time, may serve to explain the reason for the emer- 
gence of a hair at or near the apical end. Through 
the progressive hardening of the walls at the basal 
end and from the increasing pressure, the still ex- 
tending portion of the outside wall at the apical end 
becomes bulged. That the wall is more plastic here 
is indicated by the wide diameter of the bulge itself 
and by the ability of the apical end to grow in length 
after the bulge has pushed out. The length of time 
the apical end continues to grow will determine the 
final position of the papilla in the full-grown cell. 
Under conditions where hardening of the walls takes 
place progressively but much more rapidly, the api- 
cal end begins to harden at the same time that the 
bulge protrudes. Thus the cells remain short, and 
the more plastic area of the bulge becomes the in- 
cipient root-hair tip. Through the progressive hard- 
ening of the outer layer (Cormack, 1935) this softer 
spot is confined to a narrow area at the growing tip 
where new wall material is being constantly laid 
down and this determines the narrow diameter of 
the growing hair. Thus differential cell-wall growth 
becomes established in the hair itself and elongation 
of the epidermal cell continues in a new direction. 

summary 

Evidence obtained by measuring the epidermal 
cell walls of tomato roots indicates that the cells are 
still growing in the region where the papillae first 
make their appearance. Additional evidence obtained 
by the use of various aqueous solutions once again 
demonstrates that the capacity to form hairs is deter- 
mined by the chemical and physical changes which 
take place while the cells are still elongating. 

In tomato roots a hair emerges as a wide bulge 
near the apical end of a cell where the wall is more 
plastic. Under conditions where the walls harden 
slowly the more plastic nature of the apical end 
allows for further longitudinal extension of the cell 
after the bulge pushes out. As a result the papilla 
occupies a central position in the full-grown cell. 
Conditions which speed up calcification of the mid- 
dle lamellae inhibit further elongation at the apical 
end, growth becomes localized in the bulge and a 
long straight hair results. 

The epidermal cells of tomato roots are all of the 
“long-cell type,” not well adapted to produce hairs 
under most conditions in aqueous solutions. It is only 
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under limited conditions where calcification takes Department of Botany,, 
place progressively, but rapidly, that all the cells University of Alberta, 

remain short and produce long hairs. Edmonton, Alberta, Canada 
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GROWTH FACTOR STUDIES WITH SPIRODELA POLYRRHIZA (L.) SCHLEID. 


Paul R. Gorham 2 


Considerable controversy has attended the 
question as to whether organic manures, humus, 
peat, or soil are able to supply small amounts of 
organic materials which promote the growth of 
green plants, or whether these substances correct 
recognized or unrecognized inorganic deficiencies. 

Bottomley (1914, 1917a, 1917b, 1919, 1920a, 
1920b) was one of the earlier workers to investi- 
gate organic growth promoters and their effect on 
higher plants. He and Mockeridge (1920, 1924a, 
1924b) studied the effects produced upon the 
growth of Lemna by adding extracts of bacterized 
peat, Azotobacter chroococcum. Bacillus radicicola , 
Saccharomyces , fresh and well-rotted stable man- 
ure, manured soil, and leaf-mold to inorganic nu- 
trient solutions. For a basal medium they used 
Detmer’s 3 and later Knop’s 4 formula upon which 

1 Received for publication March 17, 1945. 

2 The work reported in this paper was done at the 
William G. Kerckhoff Laboratories of the California In- 
stitute of Technology, Pasadena, California. The author 
wishes to express his appreciation for the helpful sugges- 
tions of Dr, F. W. Went, under whose supervision this 
investigation was carried out. 

3 Concentration in grams per liter: KN0 3 2.33, KHoP0 4 
0.5, MgS0 4 *7H 2 0 0.5, NaCl 0.5, CaS0 4 -2H 2 0 L67, FeCl 3 
trace. 

4 Concentration in grams per liter : KNO3 0.167, 


Lemna failed to grow normally. They erroneously 
concluded that “auximones,” thought to be in the 
nature of purine and pyrimidine bases, were essen- 
tial for the growth of green plants. 

Clark (1924) and Saeger (1925) demonstrated 
that Lemna and Spirodela maintained vigor and 
grew normally in a properly constituted inorganic 
nutrient solution. Ashby (1929b), growing Lemna 
minor upon Clark’s 5 nutrient solution, found that 
extracts from fresh and from well-rotted manure 
produced a marked growth increase. The active 
materials withstood autoclaving, but not ashing. 
Since stimulated plants had larger cells with more 
chloroplasts, he attributed the increased growth 
rate to increased photosynthesis. Olsen (1930) 
found that bacterized peat extract added to Knop’s 
solution promoted growth of Lemna polyrhiza . This 
effect could be equalled by substituting ferric cit- 
rate for ferric chloride in the medium; therefore, 
Olsen concluded that humus extract made iron more 
readily available to the plants. Clark (1930), and 
Clark and Roller (1931) grew Lemna major in 

KH 2 P0 4 0.167, MgS0 4 -7H 2 0 0.167, Ca(N0 3 ) 2 -4H 2 0 0.5, 
FeCl 3 few drops. 

5 Concentration in grams per liter: CaHP0 4 *2H 2 0 
0.07, KN0 3 0.8, MgS0 4 ‘7H 2 0 0.25, FeCl 3 6H0O 0.0027. 
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sterile and non-sterile culture to test the effect of 
extracts from soil, alfalfa, and manure. In sterile 
culture the rate of frond multiplication was un- 
affected or else depressed by the addition of ex- 
tracts while in non-sterile culture their addition 
caused the rate to increase. Without additions 
growth was better in sterile than in non-sterile cul- 
ture. Pure cultures of bacteria introduced into ster- 
ile inorganic cultures sometimes increased, some- 
times decreased growth, or else had no effect. De- 
creased growth was less pronounced if organic mat- 
ter was present. Urea and creatinine had no effect 
in either sterile or non-sterile culture. 

In an attempt to clarify further the role that ex- 
tracts from peat, soil, and manure play in plant 
nutrition the following investigation was under- 
taken. 

Material and methods. — Saeger (1930) de- 
scribed a method for obtaining pure cultures of 
Spirodela polyrhiza by treatment of the resting 
buds with 10 per cent Zonite. About half of the 
plants which were treated according to a modifica- 
tion of the method of Hopkins (1931) survived and 
produced new fronds. A plant of only one or two 
fronds, held gently by means of forceps, was sub- 
merged for 45 seconds in 0.1 per cent mercuric 
chloride, rinsed briefly in sterile water, submerged 
for 30 seconds in 50 per cent ethyl alcohol, rinsed 
twice in sterile nutrient, then transferred to sterile 
nutrient for growth. The clone of Spirodela polyr- 
rhiza used in all experiments was derived from one 
of the tested microorganism-free plants and was 
maintained by subculturing for 2% years with only 
occasional contaminations. 

Light culture . — -Plants were grown in cotton- 
stoppered Pyrex culture tubes, 175 mm. by 20 mm. 
Twenty-five milliliters of Hoagland’s 6 nutrient solu- 
tion, with or without added test material, were 
pipetted into each tube. Each tube of sterile medium 
was inoculated with Spirodela plants sufficient to 
give a total of 30 fronds. After allowing one week 
for adaptation to new medium, a subculture was 
made by transferring 30 fronds, and the growth 
of this was measured one to two weeks later. For 
growth, “inoculated” tubes were placed in special 
racks inclined 70 degrees from the perpendicular 
(fig. 1). These were placed upon shelves, adjust- 
able for height, which had 40-watt “White” fluores- 
cent lamps suspended above them. The shelf-bottom 
from which each lamp was hung served as its re- 
flector. Variations in light intensity were produced 
by raising or lowering the shelves. At distances of 
4 and 16 inches from the source, the light intensity 
was approximately 300 and 100 foot-candles re- 
spectively. Two sets of aluminum-painted shelves 
with lamps were located equidistant from the alumi- 
num-painted walls of a windowless room which was 

0 Concentration in grams per liter glass-distilled water: 
Ca(N0 8 ) 2 -4H 2 0 1.180, MgSQ 4 -7H 2 0 0.493, KNO a 0.506, 
KH 2 P0 4 0.136, ferric tartrate 0.005. Minor elements in 
milligrams per liter: H3BO3 2.86, MnCl 2 4H 2 0 1.81, 
ZnS0 4 *7H 2 0 0.22, M0O3 0.07, CuS0 4 -5H 2 0 0.08. 


temperature-controlled at 25 ± 1°C. Each set con- 
sisted of three lamp-shelf units. All six lamps were 
operated continuously, even when units were not 
in use, so that the light reflected from the walls 
remained relatively constant throughout the experi- 
ments. At the far end of the room, screened from 
the “White” fluorescent units, an 80-watt Cooper- 
Hewitt fluorescent was suspended above a table 
also to provide a light intensity of approximately 
300 foot-candles at the culture surface. 

When tested with a Weston Photronic cell and 
galvanometer, the light intensity along the culture 
racks was found to lack uniformity and to vary 
slightly beneath the different lamps. Therefore the 
tubes were shifted in the racks each day, and the 
racks were shifted about from unit to unit. This 
was done in such manner that each culture, over a 
period of one week, received approximately the 
same total amount of light energy. 

In a study of the effects of aeration, each culture 
was provided with a capillary which extended al- 
most to the bottom. This was inserted, along with 
an exhaust tube, through a rubber stopper in the 
mouth. The outer openings of both inlet and ex- 
haust were loosely packed with cotton (fig. 2) to 
permit sterile culture. By connecting a number of 
such cultures with rubber hose it was possible to 
aerate them at the same rate. 

The increment in frond number (final count minus 
inoculum) and changes in frond size, fresh weight 
per 100 fronds, and dry weight per 100 fronds, 
occurring in the subcultures during a stated period, 
served as criteria of growth. 

Frond size was derived from a measurement of 
the total area of a culture. For this purpose, sil- 
houettes of the plants in each culture, as well as of 
a series of discs of known area, were obtained by 
photography and compared by means of a photo- 
electric photometer. 

The photographic apparatus consisted of a modi- 
fied 35-mm. camera, with a focal length adjusted 
to eight inches by means of an extension tube. This 
was mounted to travel at fixed focus above a pol- 
ished brass container 28 inches long, 1% inches 
wide, and 1% inches deep, having a bottom of opal 
glass (fig. 3). This container had twelve compart- 
ments of such dimensions that the focussed image 
had very nearly the same dimensions as the aper- 
ture above the photo-cell of the photometer. The j 
separating walls between the compartments did not j 
extend quite to the bottom of each chamber, so that ! 
when the container was filled to the brim with | 
water, the concave meniscus in each chamber was [ 
equidistant from the camera lens. Attached to the j 
carriage supporting the camera and moving with | 
it beneath the glass bottom of the container was an 
illuminating box containing a 7~watt pilot lamp and I 
a 250-watt photoflood lamp. I 

For use, the inner compartment walls were first 
polished for high reflectivity, then the container 
was filled to the brim with water. With a cameFs- 
hair brush, the plants of a single culture were trans- j 
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Fig. 1-4. — Fig. 1. Inclined culture rack with tube. — Fig. 2 Aerated culture tube. — Fig. 3. Compartmented con- 
tainer, traveling camera and illuminating box of photographic apparatus. — Fig. 4. Lamp and photoelectric cell 
assembly for photometering him. 


ferred to a single compartment, but where growth 
was extraordinary, two or sometimes three com- 
partments were used. Two of the twelve compart- 
ments were always reserved for varying numbers of 
standard discs. A check was made to see that all 
plants floated free and were not overlapping one 
another. Silhouettes of the contents of each com- 
partment were recorded by photographing with the 
light from the illuminating box. The plants were 
then saved on moist blotting paper in a covered pan 
for weight determinations. 

An identification picture was taken at the begin- 
ning of each film of 36 exposures. Careful notes 
were kept, frame by frame, film by film, of the se- 
quence of cultures photographed, and any errors 
noted so that there might be no confusion as to the 
culture a particular silhouette represented. Inex- 
pensive positive or sound-recording film of Weston 
speed rating of about 1.0 was found very satisfac- 
tory. Exposure at f/4.5, 1/200 seconds, followed 
by tank development at 18 °C. for 2.5 minutes with 
Eastman D-8 developer, gave contrast such that 
the image of a plant was transparent, with no de- 
tail, while the background was black and virtually 
opaque. 

The photometer was constructed with a film 
guide permitting careful orientation of each frame 
directly over the photo-cell. An adjustable mask 
was used to correct for slight variations in frame 
dimensions. The setting of the mask was unchanged 
while photometering any one film. A 6-volt, 0.25- 
ampere lamp illumined the photo-cell. It was op- 
erated from a storage battery at 0.25 amperes, care- 
fully maintained by means of variable resistances. 
This lamp was mounted on a bracket two inches 
above the photo-cell with a lens in front of the 
housing to concentrate the light evenly over the 
photo-cell surface (fig. 4). 


The apparatus was used in a darkroom. The de- 
flection of a sensitive galvanometer attached to the 
photo-cell was used for determining current (and 
thus area) variations in most of the experiments. 
In later experiments these current changes were 
measured potentiometrically so as to overcome the 
range limitations imposed by the galvanometer 
scale. On each film, spaced at regular intervals, 
were silhouettes of 4, 8, 12, 16, 18, and 20 of the 
floating discs of known area. By means of these it 
was possible to construct curves for converting 
photometric readings into terms of area in square 
millimeters. Development produced variations in 
density from film to film which necessitated the 
inclusion of a complete set of reference standards 
on each film. 

Five standard discs were photographed in each 
of the twelve compartments and twelve determina- 
tions of area were made. The five discs, with an 
area of 135 sq. mm., had a standard deviation of 
4.5 sq. mm. Likewise ten discs, with an area of 270 
sq. mm., had a standard deviation of 3.2 sq. mm.; 
while 20 discs, with an area of 540 sq. mm., had a 
standard deviation of 4.2 sq. mm. Since most of the 
determinations were in the range of 400 to 500 sq. 
mm., the measurements were quite precise. 

Fresh weight was determined by taking each cul- 
ture, blotted to remove surface moisture, and rapid- 
ly weighing it to the nearest milligram on a balance 
of the chain-o-matic type. If dry weight was to be 
determined, the plants of each culture were then 
placed in a small folded paper packet, dried for 
24 hours in a forced-air dryer at 40 °C., and weighed 
to the nearest 0.1 milligram. 

From an experiment in which treatment was 
.replicated ten times, the average value for incre- 
ment in frond number was 223 (<r = 10.7), fresh 
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weight per 100 fronds 79 mg. (<r = 6.7), and dry 
weight per 100 fronds 10 mg. (c r = 0.62). 

Dark culture, — Plants were grown in darkness 
under environmental conditions otherwise compara- 
ble to those employed in light. Sucrose was sup- 
plied at a concentration of 2.5 per cent. Since short 
exposure to low intensities of light increased 
subsequent growth in darkness, sextant green 
(>4600A°<6000A°), the least effective in this re- 
gard, was chosen to filter the 40-watt Mazda lamp 
used to illuminate transfer operations. Cultures 
were transferred at a distance of three feet from 
the safelight, to one side of the direct rays. In pre- 
liminary tests, growth measurements were made 
upon subcultures which had been inoculated with 
30 fronds taken from cultures grown for seven days 
on test media in darkness. Because new fronds 
form clumps, i.e., do not absciss readily, when 
grown on sucrose medium, subculturing by dim 
green light was difficult. Therefore, an inoculum 
of 30 fronds was taken from sucrose medium in the 
light and grown two weeks in darkness to deplete 
reserves of growth materials; then the whole cul- 
ture was transferred to test medium, grown two to 
three weeks, and measured. Increment in frond 
number and changes in fresh and dry weight per 
100 fronds served as criteria of growth. 

Experimental. — Light intensity, inorganic nu- 
trition. — In a number of preliminary experiments 
no organic test materials were added to the basal 
medium. These tests served to establish the proper 
size of inoculum and the best time for subculturing. 
When growth at a distance of 16 inches from 
“White” and “Daylight” fluorescent lamps was 
compared, frond number and fresh weight were 
found to be greater under the “White” type. This 
was correlated with the difference in luminous out- 
put of the two lamps rather than with spectral dif- 
ferences. Cultures were grown under different light 
intensities and photoperiods. Over the ranges 
studied the resulting growth was proportional to 
the total luminous energy received, just as Clark 
(1925), and Ashby (1929a) found with the re- 
lated genus Lemna. With a light intensity of 300 
f.c., it was observed that a considerable number of 
fronds became impregnated with water and sank to 
the bottom of the tube. With an intensity of 100 
f.c., the percentage of these “water-soaked” plants 
was greater if the basal medium was diluted, if the 
concentration of KH2PO4 was reduced, if KNO3 
was omitted, or if the cultures were aerated. A 
potassium deficiency appeared to be responsible 
for the condition since it virtually disappeared at 
lower light intensities, and could be corrected at 
higher light intensities by doubling the concentra- 
tion of KNO3, even in aerated culture. 

A study was made of the major element require- 
ments of Spirodela by the method of triangulation, 
in which concentrations of Ca(N03)*2? KH2PO43 
and MgS04 were varied from 1.0 to 6.0 millimoles, 
in the presence and absence of KNO3 (5.0 milli- 
moles). Minor elements were supplied according 


to Hoagland’s formula. In the series with KH2PO4 
at 1.0 millimole concentration growth was optimal, 
regardless of the proportions of the other salts. 
Two series with KH2PO4 at concentrations of 0.5 
and 1.0 millimoles showed the higher concentration 
to be better, while the proportions of the other salts 
were not critical. Therefore, Hoagland’s formula, 
which has KH2PO4 at a concentration of 1.0 milli- 
mole, was adopted for the basal medium as being 
able to produce essentially optimal growth under 
the defined environmental conditions. 

Aeration, carbohydrates. — Frond multiplication, 
frond size, and frond weight were all increased bv 
aeration (table 1). It made no difference whether 


Table 1. The effect of aeration on the growth of Spiro- 
dela. Growth period eleven days , light intensity 
300 f.c. 



Non-aerated 

Aerated 


(mean of 4 

(mean of 


replicates) 

duplicates) 

Increment in frond number . . . 

. . 99 

121 

Frond size (,sq. mm.) 

3.4 

4.4 

Fresh weight/100 fronds (mg.) 

. . 76 

94 


air was bubbled through the medium or only wafted 
across the surface. Treating with 0.5 and 5.0 per 
cent carbon dioxide-air mixtures produced an in- 
crease in growth. When aerated and carbon dioxide- 
air treated plants were analyzed for combined re- 
ducing sugars and sucrose, they were found to con- 
tain very nearly the same amounts, which were 100 
per cent higher than the sugar content of the Tin- 
aerated controls. 

Hopkins (1931), and Steinberg (1941) have 
reported that 0.5 per cent glucose added to an other- 
wise satisfactory inorganic medium greatly pro- 
motes frond multiplication of Lemna. The latter’s 
data show that glucose also increases the size of 
the individual fronds. 

When glucose and sucrose were tested in con- 
centrations of 0.5 and 1.0 per cent with Spirodela, 
growth stimulation was pronounced. The higher 
concentration in each case promoted growth to a 
greater degree. Sucrose was somewhat more effec- 
tive than glucose. 

Five sets of cultures, in duplicate, containing 0, 
0.5, 1.0, 2.5, 4.0, and 5.0 per cent sucrose were 
prepared. Three sets were grown at 100 f.c.: one 
set unaerated, one set with 4 per cent carbon diox- 
ide-air bubbled through, and one set beneath a bell 
jar in an atmosphere of 4 per cent carbon dioxide- 
air. The two remaining sets were grown at 300 f.c.: 
one set unaerated, the other set with 4 per cent 
carbon dioxide-air bubbled through. The range of 
sucrose concentration from 1.0 to 4.0 per cent pro- 
duced the greatest increase in frond number (fig. 
5), but frond size was greatest between 0.5 and 2.5 
per cent (fig. 6). The additive effects of carbon 
dioxide and sucrose treatments upon increment in 
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Fig. 5-6. Effect upon frond multiplication (fig. 5) and upon frond size (fig. 6) of treating cultures having vary- 
ing amounts of sucrose with an atmosphere of 4 per cent C0 2 -air or a stream of 4 per cent C0 2 -air bubbled through 
the media. Points represent means of duplicates. Growth period 7 days. 


frond number were both intensified by increased 
illumination. Frond size, however, increased in re- 
sponse to both sucrose and carbon dioxide treat- 
ments, but not in response to increased illumina- 
tion. Either an atmosphere enriched with carbon 
dioxide or a stream of carbon dioxide-air bubbled 
through the medium produced an increase in frond 
number. Frond size, however, increased only when 
carbon dioxide was bubbled through the medium. 

Although it was not possible to employ a sucrose 
supplement in place of light and carbon dioxide 
relations optimal for photosynthesis, nevertheless, 
its recognition as a distinct growth factor made its 
inclusion in the test media of subsequent experi- 
ments obligatory. 

Peat and dung extracts. — Eighty-seven grams of 
sphagnum peat were dried, extracted with water 
at pH 8.5 in a Waring blendor, centrifuged, the 
clear liquid concentrated under reduced pressure, 
neutralized with hydrochloric acid, and made up 
to 250 ml. Samples of fresh horse dung and cow 
dung were dried, 100 grams of each autoclaved in 
500 ml. of distilled water, centrifuged, and made 
up to 500 ml. volume. These extracts were tested 
in 0 to 5.0 per cent sucrose media by adding 1.0 
ml. per culture. Growth was compared at light in- 
tensities of 100 and 800 f.c. The higher light inten- 
sity produced an added increment in frond number 
and fresh frond weight for all treatments, but 
affected frond size very little. The effects were 
maximal in the range of sucrose concentration from 
1.0 to 3.0 per cent. Each of the extracts was tested 
at the same time over a range of concentration of 
0 to 5.0 ml. per culture (representing extract from 


0 to 1.75 grams) in 2.5 per cent sucrose medium. 
The higher light intensity somewhat accentuated 
the effects produced by the lower concentrations 
tested. At 300 f.c., all three extracts increased or 
decreased the rate of frond multiplication, depend- 
ing upon concentration (fig. 7). Extracts of cow 
dung and horse dung tended to increase frond size 
and fresh weight with increasing concentration, but 
the extract of sphagnum produced marked de- 
creases (fig. 8, 9). A pronounced increase in hydro- 
gen-ion concentration of the sphagnum media, from 
pH 4.8 to 3.0 after seven days' growth, also dis- 
tinguished it from the other extracts. 

Less concentrated extracts of dried sphagnum, 
horse dung, and cow dung were prepared with the 
blendor and centrifuge, using 50 grams of each 
made up to 1.0, 1.5, and 1.5 liters, respectively. 
When a comparative test over a range of concen- 
trations was made at 300 f.c., in the presence and 
absence of 2.5 per cent sucrose, the presence of 
sucrose in the medium was found to be essential for 
the production of an increase in the rate of frond 
multiplication, frond size, and fresh weight. At 
concentrations too dilute to affect the rate of frond 
multiplication, the extract of horse dung produced 
fronds that were 20 per cent larger than those of 
the controls. 

One hundred milliliters of each of the less con- 
centrated extracts were evaporated to dryness and 
the residue ashed, taken up in concentrated hydro- 
chloric acid, and made to 25 ml. volume. Each ash 
solution was tested in 2.5 per cent sucrose medium 
using 0, 0.1, 1.0, and 5.0 ml. per 25 ml. This repre- 
sented the ashed extract from 0 to 1.0 grams of dry 
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Fig. 7-9. Effects upon increment in frond number (fig. 
7), frond size (fig. 8), and fresh weight (fig. 9) of aque- 
ous extracts of dried sphagnum peat (triangles), horse 


material. The pH of the prepared media was ad- 
justed to 5.2 with a few drops of dilute sodium 
hydroxide. The light intensity was 300 f.c. The 
ashed extracts at low concentration promoted frond 
multiplication but little, and tended to inhibit it at 
higher concentration (fig, 10). Frond fresh weight 



Fig. 10. Effect upon increment in frond number of ash 
from extracts of dried sphagnum peat (triangles), horse 
dung (X’s), and cow dung (circles). Dotted line at 160 
represents mean of 6 untreated replicates, other points 
represent means of duplicates. Light intensity 300 f.c., 
growth period 7 days. 

no longer differed from that of the controls. In the 
5.0 and 1.0 ml. treatments, and to a somewhat lesser 
extent in the 0.1 ml. treatments, the plants were 
exceptionally deep green in color with a glossy 
appearance, just as when treated with whole ex- 
tracts. 

Fifteen grams of dried cow dung were extracted 
with peroxide-free ether, another 15 grams with 
methanol, and another 20 grams with acetone, using 
Soxhelet extractors for 40 hours. After storage at 
5°C. for several days, the solvents were distilled 
off under vacuum, and the residues dissolved as 
much as possible in water. Insoluble material was 
removed by centrifugation, and each of the three 
extracts made up to 250 ml. Meanwhile, the solid 
residues after solvent extraction, and also 20 grams 
of unextracted cow dung, were each extracted with 
water for 15 minutes in a Waring blendor, centri- 
fuged, and made to 500 ml. volume. The three sol- 
vent extracts, the water extract, and the three resi- 
due extracts were tested immediately in concen- 

dung (X’s), and cow dung (circles). Dotted line repre- 
sents control. Light intensity 300 f.c., growth period 
7 days. 
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t rations of 0, 0.1, 1.0, 5.0 ? and 10.0 ml. 7 per 25 ml. 
of 2.5 per cent sucrose medium. The solvent ex- 
tracts proved to be quite acid; therefore, the pH 
of the media was adjusted to 5.3 with dilute sodium 
hydroxide. The light intensity was 300 f.c. In figure 
11 the values for increment in frond number have 
been plotted against the amount of dried cow dung, 
or residue after solvent extraction, which must be 
extracted by each method to produce the indicated 
effect. Solvent extraction (solid lines) removed an 
inhibitor for the most part, with the exception of 
ethyl ether which removed a promoter as well. The 
residues (broken lines) from the acetone and ether 
extractions contained growth-promoting material. 
The residue from the acetone extraction, in par- 
ticular, appeared to be largely freed from inhibitor 
and to have lost only a small amount of promoter 
substance by the extraction. Frond size and fresh 
weight were little affected by the treatments. 



Fig. 11. Effects of different solvent and residue extracts 
of dried cow dung upon increment in frond number. 
Dotted line at 223 represents mean of 10 untreated repli- 
cates. Other points represent means of duplicates. Light 
intensity 300 f.c., growth period 8 days. 


In this experiment the residue extracts produced 
deep green, glossy plants, while the solvent ex- 
tracts produced plants with the same yellowisli- 
green color as the controls. With concentrations of 
aqueous extract high enough to inhibit the rate of 
frond multiplication, the tips and margins of the 
fronds curled up, making an angle of as much as 
30 degrees with the plane of the solution surface. 
The curling phenomenon was not apparent in the 
cultures treated with ether extract, but the highest 
concentration of extract from the ether residue 

7 Ten milliliters represents the extract from the follow- 
ing amounts of dried cow dung or residue after solvent 
extraction ; 

Solvent extracts Residue extracts 


Acetone 0.8 grams 0.4 grams 

Ether 0.5 0.3 

Methanol 0.5 0.3 

Water 0.4 



caused the frond margins to curl as much as 30 
degrees. The methanol extract caused a pronounced 
curling while the residue after methanol extraction 
caused none. Curling was apparent to a lesser de- 
gree both in treatments with acetone extract and 
acetone residue extract. 

In a 2.5 per cent sucrose culture a chance bac- 
terial contaminant, which appeared to be a short 
rod type under microscopic examination, increased 
frond number by 40 per cent, frond size by 10 per 
cent, but decreased fresh weight by 6 per cent and 
dry weight by 27 per cent. The plants were larger, 
greener, more delicate-looking than those in uncon- 
taminated cultures. 

Growth in darkness . — In a preliminary test, sub- 
culturing by the aid of a red safelight, the incre- 
ment in frond number after 18 days was recorded. 
Controls without sucrose produced no new fronds, 
0.1 per cent sucrose 34 fronds, 1.0 per cent sucrose 
128 fronds, while a supplement of growth factors 8 
produced fewer, smaller fronds than the respective 
sugar concentrations alone. When transferred to 
sucrose medium the control plants multiplied, seem- 
ingly unharmed by more than three weeks of com- 
parative dormancy. All cultures were transferred 
to 2.5 per cent sucrose medium after counting. 
After 18 more days, or a total of 43 days in dark- 
ness, only those cultures which had received the 
growth factor supplement were still multiplying, 
the others having virtually ceased. 

Plants which had been growing in darkness on 
sucrose medium for a month provided an inoculum 
of ten fronds per culture with which to test vari- 
ous organic growth-promoting substances. Periodic 
counts of frond number were made up to 53 days. 
Concentrations deemed likely to be effective, to- 
gether with dilutions of one-tenth and one-hun- 
dredth were tested. The rate of frond multiplica- 
tion was somewhat improved by glycine, vitamin 
Bi, vitamin B 2 , calcium pantothenate, and adenine; 
while nicotinic acid, indoleacetic acid, yeast ex- 
tract, sphagnum extract, and coconut milk scarcely 
affected it at all. Ammonium sulfate, and aqueous 
extracts of cow dung and of horse dung significantly 
retarded frond multiplication. 

Cultures depleted of growth-promoting reserves 
were transferred to test media in a study of the 
effect of ten growth substances in different com- 
binations. Concentrations in milligrams per liter 
were: vitamin B x 0.1, vitamin B 2 0.1, vitamin Bo 
0.1, p-aminobenzoic acid 0.1, calcium pantothenate 
0.1, adenine 0.1, inositol -0.0, asparagine 100.0, 
glycine 3.0, and biotin 0.0004. Determinations of 
the over-all increment in frond number and dry 
weight were made after three weeks’ growth on the 
test media. Table 2 contains the data for increase 
in frond number. All cultures containing asparagine 
had nearly twice as many fronds as had the con- 

8 Concentrations in milligrams per liter: glycine 3.0, 
thiamin 0.15, ascorbic acid 20.0, nicotinic acid 1.0, vita- 
min B e 0.2, adenine 0.2, succinic acid 25.0, pantothenic 
acid 0.5. 
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Table 2. Five weeks } ( two without treatment ) increment in frond number in darkness, in response to various com- 
binations of ten growth substances . Means exclude those with asparagine or p-aminobenzoic acid . Control ( mean 
of 5 replicates ) = 79. 



Bi 

b 2 

B 6 

p-amino- 

benzoic 

acid 

Inosi- 

tol 

Calcium 

panto- 

thenate 

Biotin 

Aspara- 

gine 

Glycine Adenine 

Mean 

B 2 



93 

70 

105 

100 

109 

156 

72 

92 

95 

Bo B 6 

93 



58 

90 

84 

64 

146 

84 

73 

81 

Be p-aminobenzoic acid. 

41 

58 



57 

64 

52 

164 

60 

80 


p-aminobenzoic inositol . . 
Inositol calcium panto- 

67 

73 

57 



73 

38 

149 

70 

74 


thenate 

Calcium pantothenate 

85 

68 

102 

73 



72 

163 

83 

79 

82 

biotin 

96 

87 

85 

59 

72 



158 

83 

98 

86 

Biotin asparagine 

216 

140 

152 

169 

150 

158 



169 

166 


Asparagine glycine .... 

181 

180 

170 

162 

175 

195 

169 



137 


Glycine adenine 

75 

126 

88 

66 

72 

108 

73 

137 



90 

Adenine B* 


92 

100 

45 

77 

86 

95 

183 

75 


88 

Mean 

87 

93 

94 


83 

94 

83 


79 

85 



trols. Total dry weight was likewise doubled. All 
cultures containing p-aminobenzoic acid (except 
those with asparagine) produced fewer fronds than 
the controls. The other compounds produced no 
well-defined effects. 

Interaction effects were tested further with as- 
paragine^ calcium pantothenate, vitamins B^, 
and B(j, indoleacetic acid, and biotin, using two 
concentrations of each substance. Calcium panto- 
thenate (1.0, 4.0 mg. per 1.), the three B vitamins 
(1.0, 4.0 mg. per 1., each constituent), and indole- 
acetic acid (0.2, 2.0 mg. per 1.) showed no effects. 
Biotin at 0.0004 mg. per 1. was slightly inhibitory, 
and at 0.002 mg. per L, very inhibitory, largely 
overcoming the effects of asparagine. Asparagine 
at 100, 400, and 1000 mg. per 1. produced a stimu- 
lation of frond production which was proportional 
to concentration (table 3). With the higher con- 
centrations of asparagine, new fronds, as they were 
produced, became progressively smaller and less 
vigorous in appearance. Succinic and aspartic acids 
were also tested, since they are believed to occupy 
key positions in the scheme of plant nitrogen me- 
tabolism (Wilson, 1940). Both concentrations of 
succinic acid and the lower concentration of aspar- 
tic acid inhibited frond production (table 3). As- 
partic acid at a concentration of 400 mg. per 1. 
significantly increased the rate of frond multipli- 
cation, but the fronds were decidedly abnormal in 
appearance. 

Sixteen amino acids, each in concentrations of 
10, 100, and 1000 mg. per 1., were tested in groups 
in an endeavor to find a compound that might re- 
place asparagine. Glutamic and glutaric acids were 
also tested. No group produced an effect compara- 
ble to that of asparagine. Only the combination of 
cystine and methionine in the lowest concentration 
significantly increased frond number (table 3). 

A test was begun to determine how long cultures 
could be maintained with successive transfers in 
darkness on medium to which sucrose and aspara- 


gine had been added. Since the optimal asparagine 
concentration was not defined, a series containing 
0, 0.4, 1.0, 2.0, and 3.0 gm. per 1. was prepared. 
Because of the subculturing by dim green light that 
was in prospect, the method was altered to provide 
an initial inoculum as little clumped as possible. 
Therefore, plants were taken directly from non- 
sucrose medium in the light to inoculate the test 
media, and then were placed in darkness. The test 
was discontinued after three weeks. In that time 
the plants had produced only one or two normal 
fronds, followed by a number of very tiny fronds 
which separated from the parent plants and became 
necrotic. Since the controls multiplied very slowly 

Table 3. Final frond counts after treatments in darkness 
for the periods indicated. 


Initial 




no. 

Test 


Final 

fronds 

period 

Cone. 

no. 

Expt (ave.) 

(days) 

Treatment (mg./L) 

fronds 


75 


14 


205 


17 


Asparagine 

100 

201 


400 

367 


1000 

444 

Aspartic acid 

100 

73 


400 

145 

Succinic acid 

100 

72 


400 

77 

Control 


97 

Asparagine 

10 

406 


20 

413 


500 

561 


1500 

642 

Glutamic acid 

10 

401 


100 

403 

Glutaric acid 

100 

288 

Cystine + 



Methionine 

10 each 488 


100 each 376 


1000 each 280 

Control 


373 



504 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 









'it' | 



but appeared normal, this behavior was not trace- 
able to an error made in the preparation of the 
basal medium. A sample of asparagine of high 
purity tested (1.0 gm. per 1.) at the same time 
produced the same results. 

Discussion and conclusions. — Despite the de- 
gree of environmental control that is possible in 
the culture of Spirodela polyrrhiza, the interpreta- 
tion of results is complicated by interaction of fac- 
tors and the lack of a precise definition of growth. 
Even though increase in frond number, frond size, 
and frond weight are measurable and represent 
certain aspects of growth, each aspect may vary 
independently of, or in relation to each of the other 
two, depending upon the nature of the treatment. 

Since enriching an atmosphere with carbon diox- 
ide is without effect upon frond size, it appears to 
be the better oxygen supply rather than carbon 
dioxide supply that produces larger fronds when 
cultures are aerated. Supplements of carbon diox- 
ide and illumination to provide additional photo- 
synthetic products fail to nullify the growth-pro- 
moting effects of sucrose. Instead, its expression is 
heightened, suggesting that an interdependence be- 
tween the level of sucrose and the level of other 
products arising from photosynthesis plays an im- 
portant part in determining the extent to which a 
culture can grow. 

Aqueous extracts of sphagnum peat, cow dung, 
and horse dung, when ashed, affect growth but 
little, although they produce in the plants the same 
dark green color as do whole extracts. This casts 
doubt upon the suggestion of Ashby (1929b) that 
manure extracts improve growth by increasing the 
number of chloroplasts, thus increasing the rate of 
photosynthesis. 

Organic solvent extraction of cow dung shows 
that it contains growth inhibitors as well as pro- 
moters, both of which affect the rate of frond mul- 
tiplication. The promoter fraction is insoluble in 
acetone and methanol, but soluble in ether; while 
the inhibitor fraction is soluble in acetone and 
methanol, and insoluble in ether. Acetone extrac- 
tion followed by ether extraction should separate 
the promoter fraction for further study. A frac- 
tion which possibly is the same as the inhibitor 
fraction, since it is extracted along with it, causes 
the frond margins to curl up. Auxins cannot be re- 
sponsible since they are ether-soluble, and with 
Lemna produce epinastic responses (Gorham, 1941). 

The observations of Clark (1930), and Clark 
and Boiler (1931) on the effects of adding extracts 
of soil, alfalfa, and manure, or pure cultures of 
bacteria to sterile inorganic cultures of Lemna 
major do not seem in complete agreement with the 
observations made here. However, extract of horse 
dung tested in the absence of sucrose produced 
just the effect these workers describe, namely, little 
or no growth promotion or else growth inhibition; 
whereas, in the presence of sucrose, extract of 
horse dung caused a slight increase in frond num- 
ber and a significant increase in frond size. The 


chance bacterial contaminant which increased 
growth of Spirodela in sucrose culture can be as- 
sumed to have released growth-promoting sub- 
stances to the medium. Some of the inconsistencies 
reported by these workers in their tests of pure 
cultures of bacteria might have been remedied by 
the addition of a carbohydrate source to the inor- 
ganic medium in order to accelerate bacterial growth 
and, indirectly, the production of promoter sub- 
stances. 

The dark-culture experiments reveal that plants 
that have been grown in the light on sucrose me- 
dium are capable of limited frond multiplication 
and development on sucrose medium when placed in 
the dark. Without sucrose they remain in a static 
condition, but are capable of resuming growth in 
the dark several weeks later when transferred to 
sucrose medium. Supplements of growth factors 
may prolong the duration of frond multiplication 
by decreasing the rate. The previous treatment of 
the inoculum in light is of critical importance for 
the full expression of the ability of asparagine to 
increase the rate of frond multiplication. Aspara- 
gine and sucrose are, therefore, inadequate for sus- 
tained growth in darkness, since substances pro- 
duced by the plants in light and accumulated to an 
appreciable degree only when sucrose is present in 
the medium, very soon limit growth in the dark. 
Reference to figures 5 and 6 is of interest in this 
connection, since these show that an increase in 
frond number and frond size occurs in the light 
when plants are grown on sucrose medium. The 
fact that asparagine so accelerates meristematic 
activity that successive fronds become smaller and 
ultimately necrotic, suggests that attention should 
be directed towards the discovery of factors influ- 
encing frond development. 

summary 

A method for microorganism-free culture of Spi- 
rodela polyrrhiza (L.) Schleid. under controlled 
conditions of light and temperature is described. 
A procedure for photometrically determining frond 
area is also described. 

Frond multiplication rate increases in response 
to increased illumination, supplemental carbon diox- 
ide, or addition of sucrose. Forced aeration with 
carbon dioxide promotes frond multiplication even 
when sucrose concentration is optimal, while in- 
creased illumination heightens the effects of both 
treatments. Frond size increases with the addition 
of sucrose or improvement of the oxygen supply, 
but is not affected by supplemental carbon dioxide 
or increased illumination. 

With a light intensity of 300 f.c. and at suitable 
concentration, an aqueous extract of sphagnum peat 
greatly increases the rate of frond multiplication 
and decreases frond size and fresh weight in sucrose 
and, to a lesser extent, in non-sucrose culture. Un- 
der the same conditions, aqueous extracts of cow 
dung or horse dung increase the rate of frond mul- 
tiplication, frond size, and frond fresh weight in 
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sucrose culture only. The three extracts when ashed 
have little growth-promoting activity. Dried cow 
dung contains a fraction that promotes frond mul- 
tiplication, which is insoluble in acetone and metha- 
nol, but soluble in ether. It also contains an inhibi- 
tor fraction which is soluble in acetone and metha- 
nol, but insoluble in ether. As evidenced by one 
instance, certain bacterial contaminants may great- 
ly promote the growth of Spirodela in sucrose 
culture. 

Plants grown on sucrose medium in the light are 
capable of limited frond multiplication and develop- 
ment when transferred to sucrose medium in the 
dark. Plants transferred to medium without sucrose 


remain in a static condition, but resume growth in 
darkness when replaced on sucrose medium. Frond 
multiplication increases proportionally with added 
asparagine. This effect depends for full expression 
upon the previous treatment of the inoculum in 
light, since substances limiting growth in darkness 
accumulate to an appreciable degree only in sucrose 
culture. Tests of 16 amino acids and numerous 
growth-promoting substances showed that they are 
unable to replace asparagine in its effect upon 
meristematic activity. 

Division of Applied Biology, 

National Research Council, 

Ottawa, Canada 
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PRODUCTION OF VARIABLE ANEUPLOID NUMBERS OF CHROMOSOMES 
WITHIN THE ROOT TIPS OF PAPHIOPEDILUM WARDII 1 

Robert E. Duncan 



The chromosome number has been found to dif- 
fer from cell to cell within the root tips of Paphio- 
pedilum Wardii Summerhayes, one of the mottled- 
leaved Burmese lady slipper orchids. Lack of con- 
stancy as regards somatic chromosome number 
within an individual is not unknown in plants. An 
occasional cell, for example, or a number of scat- 
tered cells, or a group of associated cells within a 
root may be tetraploid or octaploid. Langlet’s 
(1927) term “polysomaty” is commonly applied 
in these cases. There are, however, species or varie- 
ties in which the somatic complement of chromo- 
somes fluctuates in the vicinity of the diploid num- 
ber with no evidence of duplication of the entire 
set. Apparently these variations have diverse his- 
tories and are to be explained differently. The chro- 
mosome or chromosomes contributing to variability 
may be supernumerary to the normal complement 
and much smaller than its members. The B chro- 
mosomes of maize are an example (Kuwada, 1919; 
Fisk, 1927; Longley, 1927) as are the centric frag- 
ments surviving from the last previous meioses re- 
ferred to by Darlington (1937). The variability, on 
the other hand, may involve replication of members 
of the complement. There has been little observa- 
tion on mitoses leading to varying numbers other 
than through polysomaty. 

Since the mechanism by which the change in 
number is brought about can be followed with con- 
siderable ease in P. Wardii , a brief investigation 
was made. The process involves only certain mem- 
bers of the chromosome set and leads to cells poly- 
somic, in Blakeslee’s terminology, for those mem- 
bers of the complement. The causal mechanism 
bears close resemblance to that of polysomaty. 
These facts lead to the adoption of the word “aneu- 
somaty” 2 as a name for the phenomenon. 

Root tips were fixed in Randolph’s modification 
of N avashin’s fluid, imbedded in paraffin, sectioned, 
and stained with crystal violet-iodine. Counts of 
chromosomes were made in serial sections from the 
root tip through the embryonic region. Although 
the plants supplying the root tips came from two 
different sources, they may be members of a single 
clone since the species is rare in cultivation and is 
propagated vegetatively. 

The idiogram (fig. 6) shows the complement to 
contain seven pairs of atelornitic chromosomes of 
graduated lengths, two shorter pairs having about 
the same length. Each member of one pair of chro- 
mosomes has a secondary constriction which de- 
limits a region similar in size to the smallest chro- 
mosomal type of the complement. The remainder 
of the chromosomes are rod-shaped; they vary 

1 Received for publication March 19, 1945. 

2 The author wishes to express his appreciation for Prof. 
C. E. Allen’s advice in selecting an appropriate name. 


from 27 to 31 in number according to the present 
observations. Their lengths are graduated so that 
the longer and shorter rod-shaped chromosomes can 
be distinguished easily. Some of the types of inter- 
mediate length have morphological peculiarities 
which are sufficient to distinguish them but this 
group is generally difficult to assort. The rod-shaped 
chromosomes are not all strictly telomitic ; the loca- 
tions of their centric regions vary from apparently 
terminal to sufficiently subterminal so that an ex- 
tremely short second arm is visible. 

The somatic number as determined in equatorial 
plates ranges from 41 to 45 (fig. 3 and 2, respec- 
tively). The shortest type of chromosome (no. 20) 
is almost spherical; it possesses two horn-like pro- 
jections, one to a chromatid, at the end anterior in 
polar congression. Because of its shape and the fact 
that it is from one-half to two-thirds the length of 
the next shortest chromosome, it is recognized 
easily. Two to six (fig. 1 and 5) chromosomes of 
this type are present in various plates; they may 
occur in several kinds of associations lying on the 
periphery of the spindle or they may be scattered 
throughout the plate. The latter condition is more 
frequent. 

The total number of chromosomes, omitting those 
of type 20, varies from 38 to 40 (fig. 4 and 1). 
Two additional types of chromosomes have differ- 
ent frequencies of occurrence in equatorial plates. 
One of these (no. 19) likewise belongs to the class 
of smaller chromosomes. It has a swollen mid- 
region and tapers toward each end, the end anterior 
in polar migration sometimes being stretched. It is 
almost as easily distinguishable as the shortest chro- 
mosomal type. Two, three, or four (fig. 4, 2, and 
1) may be present in somatic plates. The other 
variant (no. 10) is one of the medium-sized chro- 
mosomal types, being roughly three times as long 
as type 20. Like chromosomes of type 20 and 19, 
it has a single projection or two small projections, 
depending upon the view and state of division, at 
its forward end. Two or three of these (fig. 5 and 
3) may be present in an equatorial plate. 

Table 1 presents an analysis of the equatorial 
plates shown in figures 1-5. 

The variable number of occurrences of three 
chromosomal types allows similar total number of 
chromosomes to be reached by different means. The 
data in table 1 dealing with figures 2 and 5 demon- 
strate this point. 

Chromosomes of type 20 are the most variable 
in numbers. So frequent are misdivisions of chro- 
mosomes of this type that some stages in their 
progress have been observed. The apparent expla- 
nation is that the two daughter chromatids of a type 
20 chromosome may dissociate at the end opposite 
the centric region before or during the early stages 
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Fig. 1-5. Equatorial plates from root tips of Paphiopedilum Wardii. Chromosome types 10, 19, and 20 are marked. 
Fig. 6. Idiogram of chromosome types, arranged according to centric region and size, present in P. Wctrdii. All 
figures X 1100. 


of nuclear division but remain associated at their being followed by similar behavior of one of the 

centric regions for varying periods of time. The daughter chromosomes. The two bodies lie at slight- 

dumb-bell-shaped group labelled 20a in figure 1 or ly different levels. Generally chromosomes of type 

4 may be interpreted as two chromatids of the same 20 are dispersed throughout an equatorial plate 

chromosome lying on the equatorial plate and en- and do not give the appearance of somatic pairing, 

tirely separated but for the centric region. The Misdivisions of suspects of the other two classes 
structure of such a group perhaps can be likened have not been observed. Two replicates of chromo- 
to that of an isochromosome. somes of types 10 and 19 occasionally lie side by 

The group of two chromosomes of type 20 labelled side and at slightly different foci so that they con- 

20b in figure 2 are putative daughter chromosomes vey the impression of somatic pairing, 

derived from the separation of the two chromatids Because of their rod shape in anaphase and their 
of a dumb-bell-shaped structure. One of these chro- clearly marked terminal regions of spindle fiber 

mosomes lies at a slightly higher focus than the attachment, the chromosomes concerned in aneu- 

other. No difference in diameter was detected be- somaty seem to be telomitic or, if not, the second 

tween divided and undivided chromosomes. The arm is so short as to be undetected. It would be 

sister chromosomes are themselves double and ap- natural to attribute the misdivisions to the fact that 

parently capable of division in the impending ana- telomitic chromosomes are not stable and lend 

phase. Daughter chromatids of all chromosomes themselves to a variety of abnormalities (Rhoades, 

separate at about the same time except for those of 1940). Several other chromosome pairs of the corn- 

type 20 which occasionally precede the others in plement of P. Wardii are apparently as definitely 

polar congression. telomitic as the three concerned in aneusomaty. 

The group labelled 20c in figure 3 illustrates an Perhaps the relative length of the chromosome 

association of a dumb-bell-shaped structure and a well as the position of the centromere is important 

chromosome of type 20. This configuration may in producing aneusomaty. The shortest chromo- 

have arisen from a misdivision of a chromosome somal type is replicated most frequently; another 

Table 1. Frequency of occurrence of chromosomal types in figures 1—5. 

No. 20 No. 19 No. 10 All others Total 


Figure 1 2 4 2 34 42 

Figure 2 5 3 3 34 45 

Figures 4 3 3. 34 ■ 44 

Figure 4 3 2 2 34 41 

Figure 5 6 3 2 34 45 
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relatively short one is also duplicated. The third 
type is of medium length. If a chromosome con- 
cerned in aneusomaty possesses insufficient rela- 
tional coiling to hold the daughter chromatids to- 
gether, or if it is excessively contracted, then the 
terminal position of the centric region may be a 
contributing factor to the premature doubling. 
Chromosomes of types 19 and 20 seem greatly con- 
tracted. It is noteworthy that no chromosome of 
the seven atelomitic types occurs more than twice 
in any of the plates. 

Upcott (1939) listed excessive contraction, pre- 
mature lapse of attraction between sister chroma- 
tids, failure in synchronization of dividing centro- 
meres, and hollow spindles as irregularities in mi- 
toses in pollen grains. Such abnormalities of mi- 
tosis do not, of themselves, seem capable of bring- 
ing about increase in chromosome number except 
through some unusual segregation of sister chro- 
mosomes in which one daughter nucleus gains at the 
expense of its sister nucleus. Aneusomaty, instead, 
involves the abnormality of the process which al- 
lows sufficient increase of structural material of 
certain chromosomes so that these may undergo suc- 
cessive divisions while the others are experiencing 
only one. 

Aneusomaty closely resembles polysomaty in sev- 
eral respects. The cells involved are scattered, mostly 
lying in the cortex or periblem. Such increase in chro- 
mosome number as occurs is toward the base of the 
root. The misdivisions become conspicuous on the 
equatorial plate, the original chromatids separating 
first distally and finally at the centric region. The 
sister chromosomes so formed lie side by side on 
the plate so that they give the effect of a very close 
somatic pairing. During the ensuing anaphases each 
of these daughter chromosomes divides normally 
so that an increase in number is assured. Duplica- 
tion of chromatic material must have occurred in 
the intervening phases of the nuclear cycle. In this 
respect the work of Berger (1938) on Culex, Gent- 
cheff and Gustafsson (1939) on Spinacia, and 
Ervin (1941) on Cucumis may be in point. The 
chief difference between polysomaty as described 
by Langlet (1927) and aneusomaty in P. Wardii is 
that here only part of the complement is concerned. 
Cases of polysomaty have been observed in three 
other species of Paphiopedilum (unpublished data). 

Earlier explanations of variable numbers of chro- 
mosomes in somatic tissue have been numerous. A 
brief review will be made to relate aneusomaty to 
these ideas as far as possible. Gates (1912) sug- 
gested that chromatids may separate prematurely 
on the equatorial plate in Oenothera. The daughter 
chromosomes are assorted normally in the ensuing 
anaphases and the complement is not affected. 
Montgomery (1901) observed prematurely sepa- 
rated chromatids in animal cells. 

Stomps (1916) suggested that 2n — 1 and 2n 
-f- 1 tissues and cells in certain hybrid Oenothera 
result from the failure of a pair of daughter chro- 
matids to separate, the variant numbers being main- 


tained in subsequent divisions. The explanation was 
used later for the origin of 2n + 1 branches in 
Datura. This type of variation in somatic number 
has no apparent relationship to aneusomaty in 
which cells deficient for some member or members 
of the chromosome complement do not occur. 

Hance (1918) considered that the shorter chro- 
mosomes present in cells of Oenothera with higher 
numbers indicate that fragmentation of normal 
chromosomes accounts for the increase. Kuwada 
(1919) thought that the small supernumerary chro- 
mosomes in maize result from fragmentation of a 
compound chromosome and that variable numbers 
arise from variable fragmentation. Winkler (1915) 
suggested that extra chromosomes in tomato could 
have arisen through either transverse or longitu- 
dinal fragmentation. Separation of the dumb-bell- 
shaped structure into two chromosomes in Paphio- 
pedilum Wardii resembles a transverse break, but 
actually is a separation of two chromatids and in- 
volves no breakage. 

Supernumerary “fragments” derived from mei- 
otic irregularities vary in number through gradual 
loss or increase. Darlington (1937) indicated that 
the centromeres of these fragments may not be syn- 
chronized with the movements of those of members 
of the complement. As a result both daughter chro- 
mosomal fragments may be included within a single 
nucleus, its sister nucleus suffering a loss in conse- 
quence. Chromosomes of types 20, 19, and 10 gen- 
erally divide at the same time as other members of 
the complement although one of type 20 may lie 
slightly nearer the pole than other chromosomes in 
anaphase figures. The exception to this synchroniza- 
tion is the extra division which occurs on the equa- 
torial plate. The decision as to whether or not chro- 
mosomes of types 10, 19, and 20 are fragments 
could not be made in the material used. Chromo- 
somes of the former two types are large to be con- 
sidered fragments. In any event the method by 
which chromosomes of type 20 increase in number 
per nucleus is distinct from that by which frag- 
ments increase in number as described by Dar- 
lington. 

Aneusomaty as herein reported results in the 
trisomic to the hexasomic condition for different 
chromosomal types. The increase is, perhaps, geneti- 
cally harmless because the chromosomes involved 
may be inert; otherwise the genetic balance might 
be influenced unfavorably. Possibly the increase in 
a few scattered cells might not be harmful. 

Little can be said of the role that aneusomaty 
may play in giving rise to new genetic lines or chro- 
mosome races through the usual sexual processes 
until it is determined whether spore mother cells 
may become involved and, if so, whether the super- 
numerary chromosomes are conveyed to functional 
gametes. Several species of Paphiopedilum in the 
section of the genus to which P. Wardii belongs 
have been observed to propagate themselves vege- 
tatively through buds arising from the embryonic 
region of the root (unpublished data). Plants of 
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such origin might include some polysomatic cells in 
their makeup. This suggests that aneusomaty might 
be a tool in the production of clonal lines with new 
aneuploid chromosome complements. 

SUMMARY 

Various aneuploid complements of chromosomes 
are present in isolated cells of the root tips of 
Paphiopedilum Wardii . Of the twenty types of 
chromosomes making up the idiogram, three types 
may be present in an equatorial plate in numbers 


ranging from three to six. This replication at tri- 
somic to hexasomic level occurs through a process 
which closely resembles that responsible for poly- 
somaty except that not all chromosomes are repli- 
cated. The name aneusomaty is suggested for this 
phenomenon. 

The Charles E. Allen Laboratory of Plant Cytology, 
Department of Botany, 

University of Wisconsin, 

Madison 6, Wisconsin 
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GROWTH FACTORS FOR TRICHOPHYTON MENTAGROPHYTES 1 
William J. Robbins and Roberta Ma 2 


In earlier papers from this laboratory (Butler, 
Robbins and Dodge, 1941; Robbins and K'avanagh, 
1942; Robbins and Ma, 1941, 1942A, 1942B, 1944) 
specific fungi have been reported for which partial 
or complete deficiencies for biotin, thiamine, pyri- 
doxine, hypoxanthine, p-amino benzoic acid, and 
z-inositol, singly or in combination, limited growth 
in a basal medium of mineral salts, sugar and as- 
paragine. Some of these organisms appeared to suf- 
fer also from partial deficiencies for other unidenti- 
fied factors. These were present in potato extract, 
peptone and other natural products, and were not 
adsorbed by Norit A. In earlier work with Phy co- 
rny ces (Robbins and Hamner, 1940) these factors 
were referred to as factor Z 2 ; they might also be 
called filtrate factors. The present paper is con- 
cerned with a study of filtrate factors for Tricho- 
phyton mentagrophytes (2 T . gypseum) (Emmons, 
1934), There is no necessary implication that these 
are identical with factor Z 2 for Phycomyces. 

1 Received for publication March 20, 1945. 

2 This investigation was supported in part by a grant 
from Dr. Charles L. Mayer whose assistance is gratefully 
acknowledged. 


Materials and methods. — The strain of T . men- 
tagrophytes used was isolated from a human sub- 
ject in August, 1942, and identified through the 
courtesy of Dr. Rhoda W. Benham. Stock cultures 
were maintained on a thiamine-peptone agar. 3 By 
subculturing at intervals which did not exceed two 
weeks the strain was kept in a freely sporulating 
condition. This is referred to as the normal (N) 
strain. 

Inoculations were made by transferring a bit of 
mycelium (and spores if present) about the size of 
a pin head from stock cultures on thiamine-peptone 

3 The thiamine-peptone agar consisted of the basal solu- 
tion plus 1.0 g. neo-peptone, 0.5 mg. thiamine, and 15.0 g. 
difco agar per liter. The basal solution contained per 
liter 1.5 g. KH 2 P0 4 , 0.5 g. MgS0 4 *7H 2 0, 2.0 g. aspara- 
gine and 50.0 g. dextrose. To this solution the following 
mineral supplements were added in p.p.m.: 0.005 B, 0.02 
Cu, 0.10 Fe, 0.01 Ga, 0.01 Mn, 0.01 Mo, and 0.09 Zn. The 
basal agar medium was prepared by adding from 1.5 to 
2.0 per cent of purified agar to the basal solution. The 
agar was purified by extracting difco agar with aqueous 
pyridine, washing with dilute hydrochloric acid and neu- 
tralizing with calcium hydroxide. The agar was then 
leached thoroughly with distilled water, washed with 
redistilled 95 per cent alcohol and dried at 50°C. 
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agar. In our experiments the fungus was grown in 
liquid media and on agar slopes in test tubes. Each 
tube contained 8 ml. of agar medium in a test tube 
20 mm. by 120 mm. Observations on growth were 
made at frequent intervals and colony diameters 
were measured. For liquid cultures 25 ml. were 
used in a 125 ml. Erlenmeyer flask, and growth 
was measured by autoclaving the cultures, Altering 
into Gooch crucibles and drying at 100°C. Both 
agar and liquid cultures were run in triplicate. All 
glassware was pyrex. It was cleaned with chromic- 
sulfuric acid cleaning mixture and thoroughly 
rinsed with tap water followed by distilled water. 
All chemicals were of C.P. grade. The asparagine 
was treated with Norit A and recrystallized from 
alcohol. 

Experimental results. — Relation to known vi- 
tamins . — Preliminary experiments demonstrated 
that the (N) strain grew slowly on the basal agar 
medium, but rapidly on thiamine-peptone agar. 
Since the beneficial effect of peptone on T. discoides 
had been found to be caused primarily by traces of 
thiamine, pyridoxine and i-inositol present in the 
peptone (Robbins and Ma, 1942B), it was assumed 
that T. mentagrophytes also might show deficiencies 
for these vitamins. However, the addition to each 
tube of the basal agar medium of 5 mp moles of 
thiamine, 5 mp moles of pyridoxine and 1 mg. of 
z-inositol singly or in combination was of no benefit. 
No favorable effect on growth was observed from 
the addition to the basal medium of a mixture of 
twelve vitamins or vitamin-like substances. 4 

Temperature. — T. mentagrophytes (N) devel- 
oped over a considerable range of temperature. It 
grew at 11°, 15°, 20°, 25°, 30° and 35°C. Growth 
was most rapid at 35 °C.; at 11°C. development was 
slow. The favorable action of peptone was observed 
at all temperatures. Unless otherwise noted our ex- 
periments were carried on at 35 °C. 

Beneficial materials other than peptone. — Hy- 
drolysates of egg albumen, of difco gelatine, of 
Eastman purified gelatine, a hot-water extract of 
cotton batting (Robbins and Ma, 1942 A), a filtrate 
fraction from potato tubers (Robbins and Hamner, 
1940), and a vitamin-free casein hydrolysate, 5 in 
addition to peptone, were beneficial though not 
equally so (fig. 1). When the activity of equal dry 
weights of these substances was compared, they fell 
in the following order: casein hydrolysate=>pep- 

4 These were added per tube in the following quanti- 
ties: 0.05 7 biotin methyl-ester, 2.16 mg. f-inositol and 
10 mp moles each of p-amino benzoic acid, calcium panto- 
thenate, hvpoxanthine, guanine hydrochloride, 2-methyl-l, 
4-naphthohydroquinone diacetate, nicotinamide, pimelic 
acid, pyridoxine, riboflavin and thiamine. 

5 The vitamin-free casein hydrolysate was that pre- 
pared by the S.M.A. corporation. For our use CaCOa was 
added to the preparation to neutralize the acidity j and 
the excess CaCO ;? was removed by filtering through ash- 
less filter paper. The Eastman gelatine was calfskin gela- 
tine with 0.03 per cent ash on a moisture-free basis. The 
gelatine and egg albumen hydrolysates were prepared by 
refluxing the material with 8 N H 2 S0 4 for 24 hours. The 
H 2 S0 4 was neutralized with Ba(OH) 2 and the BaS0 4 
removed by filtration. 


tone 0 — egg albumen hydrolysate>Eastman gelatine 
hydrolysate— Difco gelatine hydrolysate>cotton 
extract>D R fraction. 



Fig. 1. T. mentagrophytes (N) grown 6 days on basal 
agar medium containing no asparagine plus (1) 10 mg. 
casein hydrolysate; (2) 5 mg. casein hydrolysate; (3) 10 
mg. casein hydrolysate prepared from amino acids; (4) 
10 mg. asparagine. 

The casein hydrolysate, neopeptone or egg albu- 
men hydrolysate was about five times as effective 
as gelatine hydrolysate; that is, 5.0 mg. of gelatine 
hydrolysate produced about the same effect on 
growth as 1 .0 mg. of peptone, egg albumen hydroly- 
sate or casein hydrolysate. A slight but definite 
beneficial effect was observed from the addition of 
10.0 /xg. of casein hydrolysate per tube containing 
8 ml. of the basal agar medium. The benefit in- 
creased up to 20 mg. per tube, but growth with 50 
mg. was not quite as good as with 20 mg. Beneficial 
effects were noted with 0.1 mg. (the smallest amount 
used) of peptone per tube, and increased growth 
was obtained up to 10 mg. per tube; 100 mg. was 
little if any more effective than 10 mg. It is prob- 
able that the optimum amount of neopeptone per 
tube was 20 or 25 mg. Increased growth occurred 
with additions of egg albumen hydrolysate ranging 
from 0.1 mg. to 2.0 mg. per tube. Poorer results 
were obtained with 100 mg. than with 10 mg. 

No benefit was observed from the addition of the 
vitamin mixture to the basal medium plus 10 mg. 
of vitamin-free casein hydrolysate per tube. 

Effect of hydrogen-ion concentration. — The hy- 
drogen-ion concentration of our basal medium was 
about pH 4.5. It was adjusted by phosphate buffers 
to 5.5, 6.0 and 6.5. One experiment was carried out 
using media solidified with 1.5 per cent purified 
agar; another in liquid cultures. For both the agar 
and liquid media we used the basal medium adjusted 
to the various hydrion concentrations and the same 
solutions to which 1.0 mg. of casein hydrolysate or 
25 mg. of peptone were added per tube or per flask. 
The peptone reduced the acidity of the unadjusted 
basal solution (from pH 4.5 to pH 5.2) ; the casein 
hydrolysate in the amount used had little effect. 

6 The casein hydrolysate was superior to peptone when 
the effect of the larger amounts was compared. 
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Table 

1 . Colony diameters of T. mentagrophytes ( N ) in mm. after four and ten days on 

hydrion concentrations given . 

agar media adjusted to the 



Basal medium plus 1 mg. casein 

Basal medium plus 25 mg. 


Basal medium 


hydrolysate 


peptone 


Initial 

Colony diameter after 

Initial 

Colony diameter after 

Initial 

Colony diameter after 

pH 

4 days 10 days 

pH 

4 days 10 days 

pH 

4 days 

10 days 

4.5 

1.5 6.0 

4.5 

10.0 30.0 

5.2 

17.0 

35.0 

5.4 

2.0 9.0 

5.5 

11.0 30.0 

5.5 

17.0 

34.0 

6.0 

3.0 10.0 

6.0 

10.0 30.0 

5.9 

17.0 

34.0 

6.5 

6.0 13.0 

6.6 

12.0 30.0 

6.4 

17.0 

25.0 


On the basal agar medium growth was improved 
by reducing the acidity from pH 4.5 to pH 6.5 
(table 1). On the media supplemented with casein 
the differences in initial acidity had little effect on 
growth^ and in the media supplemented with pep- 
tone growth was better in the cultures with the 
greater initial acidity. However; growth on the 
basal medium at pH 6.5: was half or less that ob- 
tained on the same medium supplemented with 1 
mg. of casein hydrolysate per tube. 

The cultures in the liquid media were grown for 
10 days; and final hydrion concentrations were de- 
termined after autoclaving. Growth in the basal 
medium was improved by reducing the initial acid- 
ity. The effect was less marked in the medium sup- 
plemented with casein; and not evident in those 
supplemented with peptone; probably because of 
changes in hydrion concentration during growth as 
shown by the differences between the initial and 
final pH (table 2). 

We concluded that the basal medium would be 
more satisfactory if adjusted to pH 5.5 or 6.0. 
However; it was evident that the beneficial effects 
of peptone; or of casein hydrolysate; on the growth 
of T. mentagrophytes (N) could not be accounted 
for by the action of these supplements on the hy- 
drion concentration of the culture media. 

Relation to inorganic nitrogen . — Inorganic nitro- 
gen in the form of NH4NO3 was almost completely 
unavailable to T. mentagrophytes (N). When 
NH4NO3 in amounts of 5.0 mg.; 1.0 mg., 0.5 mg. 
or 0.05 mg. per tube was added to the basal agar 
medium containing no asparagine; growth was very 
little better than in the medium with no nitrogen. 
The same results were obtained when NH4NO3 
was added to the basal liquid medium lacking nitro- 


gen. Addition of 10.0 mg., 5.0 mg.; 0.5 mg. or 0.05 
mg. of NH4NO3 per flask containing 25 ml. of cul- 
ture liquid gave the same dry weight as was ob- 
tained in the solution with no nitrogen. 



Fig. 2. T. mentagrophytes (N) grown 10 days on basal 
agar medium at pH 6.2 and containing no asparagine 
plus ( 1 ) no addition; ( 2 ) 10 mg. casein hydrolysate; 
(3) 10 mg. NH 4 NO 3 . 

The addition of a small amount of casein hy- 
drolysate (1.0 mg. or less) to a solution containing 
NH4NO3 gave no better growth than the same 
amount of casein hydrolysate alone ; in other words, 
the presence of casein hydrolysate did not enable 
the fungus to use NH4NO3. 


Table 2. Dry weight of mycelium produced by T . mentagrophytes (N) in ten days in liquid media adjusted to various 

hydrion concentrations. 


Basal medium plus 1.0 mg. casein Basal medium plus 25.0 mg. 

Basal medium hydrolysate peptone 


Initial 

pH 

Final 

pH 

Ave. dry 
weight mg. 

Initial 

pH 

Final 

pH 

Ave. dry 
weight mg. 

Initial 

pH 

Final 

pH 

Ave. dry 
weight mg. 

4.5 

4,5 

0.1 

4.6 

6.0 

3,3 

5.2 

6.4 

10.4 

5.5 

5.4 

0.2 

5,5 

6.2 

4.0 

5.5 

6.4 

10.3 

6,0 

5.8 

0.4 

6.0 

6.2 

4.0 

5.9 

6.4 

11.4 
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Table 3. Average dry weight in mg. of triplicate liquid cultures. T. mentagrophytes (N) and 
(A) strains after fourteen days in basal solution without asparagine adjusted to pH 6.2. 

Addition per flask containing 25 ml. basal Average dry weight mg. 

solution without asparagine (N) strain (A) strain 


No nitrogen 

10 mg. casein hydrolysate 
2 mg. casein hydrolysate. 
1 mg. casein hydrolysate. 

10 mg. NH 4 N0 3 

5 mg. NH 4 NO 3 

1 mg. NH 4 NO 3 

0.5 mg. NH 4 N0 3 


0.0 

0.4 

15.1 

36.8 

3.8 

7.4 

1.6 

3.6 

0.0 

5.4 

0.0 

2.5 

0.0 

0,9 

0.0 

0.6 


1 


A 




Raising the pH of the medium to 6.2 did not 
render NH4NO3 available to the (N) strain (table 
3 and fig. 2). 

Relative value of casein and asparagine . — The 
vitamin-free casein hydrolysate neutralized with 
calcium carbonate was much more beneficial than 
was asparagine (fig. 1). Asparagine or casein hy- 
drolysate was added to the basal agar medium (con- 
taining no asparagine) adjusted with potassium 
hydroxide to pH 6.0. The quantities of the nitrogen 
source per tube were 20.0, 15.0, 10.0, 5.0, 2.5 and 
1.0 mg. One mg. of casein hydrolysate was dis- 
tinctly beneficial, and the benefit increased with the 
amount of hydrolysate added. One mg. of aspara- 
gine was much less beneficial than 1 mg. of casein 
hydrolysate, and increasing the amount had little 
or no effect on the growth. 7 After 4 days’ growth 
the diameter of the colonies in the tubes without 
nitrogen measured 2.0 mm.; in those with 1.0 mg. 
of casein hydrolysate, 15 mm.; and with 1.0 mg. 
of asparagine, 4.0 mm. At the end of one week 
these figures were 5.0 mm., 30.0 mm. and 9.0 mm. 
respectively. 

Similar results were obtained in liquid culture 
(table 4). The addition of 20,0 mg. of casein hy- 
drolysate per flask produced 51.0 mg. dry weight 

7 This statement is correct for the first week or two of 
growth. Given sufficient time, growth with the larger 
amounts of asparagine (30 mg. per tube) exceeded that 
with smaller amounts (1 mg. per tube). 


in 21 days; with 20.0 mg. of asparagine the yield 
was 2.2 mg. In fact, the growth as measured by dry 
matter was greater with 1.0 mg. of casein hydroly- 
sate than with 20.0 mg. of asparagine (table 4). 

Although growth increased in both liquid and 
agar media with increasing amounts of casein hy- 
drolysate, differences in the amount of asparagine 
supplied had little effect. The benefit from aspara- 
gine seemed to be limited by some factor which 
was not effective for casein hydrolysate. 



Fig. 3. T. mentagrophytes (N) grown 7 days on basal 
agar medium containing no asparagine plus ( 1 ) 10 mg. 
casein hydrolysate; ( 2 ) 10 mg. of equal amounts of 
1 -leucine, d-isoleucine, dl-phenylalanine, d-glutamic acid, 
1-tyrosine and d-arginine; (3) 10 mg. 1-leucine, d-isoleu- 
cine, 1 -tyrosine and d-glutamic acid in the proportions 
found in casein; (4) 10 mg. synthetic casein hydrolysate. 


Table 4. Average dry weights of triplicate cultures of T. mentagrophytes (N) in 25 ml. of a 
liquid, medium of mineral salts and sugar to which the quantities given of casein hydroly- 
sate, of asparagine , or of a synthetic casein hydrolysate composed of amino acids were 
added. 




Ave. dry wt. mg. after 21 days 


Ave. dry wt. mg. after 10 days 


Synthetic 

Addition 

Casein 

Casein 

casein 

in mg. 

hydrolysate Asparagine 

hydrolysate 

Asparagine hydrolysate 


20.0 

28.6 

0.5 

51.0 

'2.2 

21.1 

1 5.0 

21.6 

0.5 

32.5 

2.0 

15.2 

10.0 

11.2 

0.4 

14.4 

2.0 

12.2 

5.0 

6.3 

0.4 

8.4 

2.0 

7.2 

2.5 

4.8 

0.3 

6.0 

1.9 

5.4 

1.0 

2.6 

0.2 

3.0 

1.0 

2.1 

0.0 


■ *** 

0.2 

0.2 

0.2 
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Substitution of amino acids for casein hydroly- 
sate. — Since hydrolysates of egg albumen, of highly 
purified gelatine and of casein, were all beneficial, 
it seemed probable that the active substances were 
amino acids. An approximation of casein hydroly- 
sate was prepared from amino acids. 8 This was 
treated with an excess of CaCO s and filtered. 
Added to the basal liquid medium without aspara- 
gine in amounts ranging from 1.0 to 20.0 mg. per 
flask, the synthetic casein hydrolysate was less 
effective than the natural casein hydrolysate, but 
considerably more beneficial than equal quantities 
of asparagine (fig. 1 and table 4). Similar results 
were obtained when synthetic casein hydrolysate 
was added to the basal agar medium without aspara- 
gine (fig. 4). Not only was less growth obtained 
with the synthetic hydrolysate than with the natu- 
ral hydrolysate, but the character of the growth 
differed. With the synthetic hydrolysate the edges 
of the colony were sharply defined and the spread 
of hyphae in the agar was definitely limited. The 
synthetic casein hydrolysate appeared to contain 
injurious as well as beneficial factors. 

Attempts to concentrate the beneficial material 
in casein hydrolysate . — The difference in the effects 

8 The synthetic casein hydrolysate was prepared by add- 
ing to 100 ml. of distilled water the following amino acids : 


Glycine, Pfanstiehl 5.0 mg. 

dl-alpha-alanine Merck 19.0 

dl-valine Pf an 75.0 

1-leucine Pfan 48.5 

d-isoleucine Eastman 48.5 

dl-phenylalanine Univ. of Illinois 39.0 

1-tyrosine Pfan 60.0 

1-tryptophane Pfan 22.0 

dl-threonine Merck 35.0 

d-glutamic acid Pfan 218.0 

1-aspartic acid East 41.0 

1-proline East 90.0 

1-hydroxyproline Merck 2.0 

dl-serine East 50.0 

1-cystine Pfan 3.0 

1-methionine East 34.0 

d-arginine HC1 Pfan 38.0 

d-histidine HC1 Pfan 25.0 

d-lysine (HC1) 2 Pfan 60.0 


of natural and synthetic casein hydrolysate might 
result from the presence in the casein of some bene- 
ficial material not included in the synthetic hydroly- 
sate, or to the presence of something detrimental 
in the synthetic preparation not present in the 
hydrolysate of the natural casein. 

Attempts to concentrate beneficial material from 
the casein hydrolysate by solubility in ethyl alcohol 
were not successful. The desiccated hydrolysate 
was extracted with 95 per cent alcohol, the residue 
was extracted with 80 per cent alcohol, and the ma- 
terial insoluble in 80 per cent alcohol was dissolved 
in water. All three fractions were active but none 
was as active as the original casein hydrolysate 
when the effects of equivalent amounts were com- 
pared. The material soluble in 95 per cent alcohol 
had 0.1 or 0.2 the activity of the original hydroly- 
sate, and that insoluble in 95 per cent alcohol, but 
soluble in 80 per cent alcohol was about one-twen- 
tieth as active as the casein hydrolysate. The mate- 
rial insoluble in 80 per cent alcohol had the least 
activity. 

Extracts of casein hydrolysate were made with 
butyl alcohol (normal butanol) and with octyl alco- 
hol (2-ethyl-hexyl-alcohol). The butyl alcohol ex- 
tract was beneficial but less so than equivalent 
amounts of casein hydrolysate. The octyl alcohol 
extracts also were active. Added to the basal agar 
medium containing asparagine or the synthetic 
casein hydrolysate, the extracts made with octyl 
alcohol increased the spread of growth (fig. 4) ; 
benefit was observed with as little as 5 pg. dry mat- 
ter. Octyl alcohol evaporated to dryness, and taken 
up in water, had no effect. However, casein hydroly- 
sate extracted with octyl alcohol lost little or none 
of its activity, and octyl alcohol extracts had little 
or no effect on the dry weight in liquid cultures of 
the basal solution containing synthetic casein hy- 
drolysate. It appeared, therefore, that whatever 
was extracted by the octyl alcohol was not responsi- 
ble for the differences in dry weight noted between 



Fig. 4. T. mentagrophytes (N) grown 11 days on basal agar medium containing no asparagine plus (1) 10 mg. 
casein hydrolysate; (2) 10 mg. synthetic casein hydrolysate; (3, 4, 5 and 6) 10 mg. synthetic casein hydrolysate 
plus octyl alcohol extract of natural casein hydrolysate (0.01 mg., 0.1 mg., 1 mg, and 10 mg. casein hydrolysate); 
(7) octyl extract of 10 mg. casein hydrolysate; (8) no addition. 
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media containing the natural and the synthetic 
hydrolysates. 

Activity of individual amino acids . — Failure to 
obtain a concentrate which would account for the 
beneficial effect of casein hydrolysate and the evi- 
dence for injury shown by a casein hydrolysate 
prepared from amino acids suggested that the effect 
of the various amino acids should be determined 
individually. Each of nineteen amino acids was 
added in 1.0 mg. quantities to the basal agar me- 
dium containing no asparagine. The experiment was 
performed in triplicate. For comparison, tubes con- 
taining 1.0 mg. of neopeptone, 1.0 mg. of asparagine 
and 1.0, 0.5, 0,25 or 0.1 mg. of casein hydrolysate 
were included. Each amino acid and the casein hy- 
drolysate was treated with an excess of calcium car- 
bonate, and filtered before use. The asparagine and 
the neopeptone were not. General observations on 
growth, measurements of colony diameters, and com- 
parisons with the development in tubes containing 
casein hydrolysate were made at intervals of four or 
five days. It was found that T . mentagrophytes grew 
with any one of at least fourteen amino acids as a 
source of nitrogen. No one of these, however, was 
as good when 1.0 mg. was supplied per tube as was 
an equal weight of casein hydrolysate. 

The effectiveness of the amino acids varied. Some 
were more beneficial for surface growth, others for 
subsurface growth. Some induced the formation of 
pigment, others did not. With some the colonies 
developed finger-like radiating processes, with 


others the colony had a uniform edge. The relative 
value of the amino acids changed somewhat with 
the age of the cultures. The differences in the char- 
acter of the growth (thickness as compared to ex- 
tent, surface growth as compared to subsurface 
growth) made a comparison of the activity of the 
various acids difficult, and colony diameters alone 
(table 5) were not entirely satisfactory for such 
evaluations. 

After six days incubation, observations and com- 
parisons showed that growth with leucine, isoleu- 
cine, glutamic acid, and tyrosine was best followed 
by phenylalanine. Aspartic acid, proline, arginine, 
and histidine were beneficial, but less so than 
phenylalanine. Growth with glycine, valine, and 
a-alanine was slightly superior to that on the me- 
dium without nitrogen where a small amount of 
development occurred at the expense of nitrogen 
carried over with the inoculum. However, even the 
best growth with 1 .0 mg. of a single amino acid was 
less than that with 0.25 mg. of casein hydrolysate. 

After eleven days six amino acids were distinctly 
beneficial in the following order: tyrosine>gluta- 
mic acid>isoleucine>leucine=phenylalanine>argi- 
nine. The effects with proline and aspartic acid were 
as great as those obtained with asparagine. Growth 
with glycine, a-alanine, valine and histidine was 
superior to that on the medium with no nitrogen 
but less than that obtained with asparagine. Cystine 
induced a spreading subsurface growth so sparse 
as to be unnoticed unless the tubes were carefully 


Table 5. Qolony diameters in mm. of T. mentagrophytes ( N ) on a basal agar medium containing 
no asparagine to which 1 mg. of the amino acids given were added per tube. 


Additions to basal agar medium 
containing no asparagine 

4 days 

Colony diameter in mm. 

7 days 14 days 20 days 

glycine 

.......... 2.5 

6.0 

20.0 

27.0 

dl- -alanine 

2.5 

3.5 

14.0 

22.7 

dl-valine 

2.3 

4.0 

12.3 

21.3 

1-leucine 

5.2 

10.0 

21.0 

34.0 

d-isoleucine 

4.7 

9.2 

26.0 

40.0 

dl-phenylalanine 

3.2 

8.7, 

29.0 

40.3 

1-tryptophane 

2.0 

2.2 

8.3 

16.3 

dl-threonine 

2.0 

2.0 

3.0 

6.0 

d-glutamic acid 

.......... 4.2 

9.5 

22.0 

43.3 

dl-aspartic acid 

2.5 

4.0 

15.0 

33.7 

1-hydroxyproline 

2.0 

2.0 

6.0 

14.7 

dl-serine 

2.0 

2.7 

9.3 

21.0 

1-cystine HCi 

1.5 

2.2 

19.7 

28.0 

I-methionine 

1.5 

2.0 

9.3 

23.7 

1-tyrosine 

3.8 

9.5 

27.3 

40.0 

1-lysine (HCI)* 

1.5 

2.0 

5.2 

10.7 

1-proline 

2.5 

6.0 

22.3 

39.3 

d-arginine HCI 

2.5 

6.2 

22.0 

36.7 

1-histidine HCi 

2.5 

4.5 

15.7 

28.7 

neopeptone 

9.7 

20.3 

40.0 

46.0 

asparagine 

2.0 

4.2 

14.7 

27.3 

1 rag. casein hydrolysate 

10.3 

19.7 

38.0 

48.3 

0.5 mg. casein hydrolysate 

8.0 

15.0 

31.3 

39.3 

0.25 mg. casein hydrolysate 

8.2 

15.0 

30.7 

40.0 

O.X mg. casein hydrolysate 

3.5 

9.0 

24.0 

34.7 

no addition 

1.5 

2.7 

10.0 

17.0 
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examined; the surface growth was slight. Serine 
had no effect. Growth with five amino acids (trypto- 
phane, threonine, hydroxyproline, methionine and 
lysine) was less than that on the medium without 
nitrogen; i.e., these five amino acids as judged by 
growth in diameter were injurious. The best growth 
with 1.0 mg. of an amino acid about equaled that 
with 0.25 mg. of casein hydrolysate. 

By the end of 34 days arginine was most effec- 
tive; growth with 1.0 mg. of this amino acid nearly 
equaled that with 1.0 mg. casein hydrolysate. Gly- 
cine, alanine, valine, leucine, glutamic acid, serine, 
tyrosine, lysine and proline were approximately 
equal to 0.5 mg. of casein. Isoleucine, phenylala- 
nine, aspartic acid and histidine were superior to 
0.25 mg. casein but poorer than 0.5 mg. Growth 
with methionine was equivalent to that with 0.1 mg. 
casein. Tryptophane, threonine, hydroxyproline and 
cystine were no better or poorer than the medium 
with no nitrogen where a thin spreading growth 
developed largely in the agar. 

The improvement in growth with some of the 
amino acids relative to casein hydrolysate observed 
after 34 days incubation was largely because growth 
continued in the media containing the amino acids 
but had reached its maximum some time before in 
the tubes containing casein hydrolysate. In other 
words, the nitrogen content became a limiting fac- 
tor earlier in the media containing casein hydroly- 
sate, where growth was more rapid, than it did in 
those media containing amino acids, where growth 
was slower. 

The difficulty in evaluating the effects of the vari- 
ous amino acids is emphasized by the differences in 
the order in which they were placed from the com- 
parisons summarized above, and from the colony 
diameters in table 5. For example, our observations 
after eleven days led us to list tyrosine, glutamic 
acid, isoleucine, leucine, phenylalanine and arginine 
as the six best amino acids. From colony measure- 
ments at the end of fourteen days proline, glycine 
and cystine would be included in this group, al- 
though the character of growth was such that we 
excluded them from the six best, placing proline and 
glycine in the same class as asparagine, and cystine 
next to those which had no effect or were injurious. 
From colony diameters at the end of fourteen days 
the effects of histidine and alanine equaled or ex- 
ceeded that of asparagine, but from our observa- 
tions on colony appearance we rated them below 
asparagine. 

In considering the effect of the individual amino 
acids it should be pointed out that 1.0 mg. of a 
single amino acid, except for glutamic acid, equals 
or exceeds the amount of that acid in 10.0 mg. of 
casein hydrolysate. If the beneficial action of casein 
hydrolysate was caused by a single amino acid then 
1.0 mg. of an amino acid, except glutamic acid, 
should have been more effective than 10.0 mg. of 
casein hydrolysate; 1.0 mg. of glutamic acid should 
have had the effect of about 5.0 mg. of casein hy- 
drolysate. However, in no instance was a single 


amino acid as effective as an equal weight of casein 
hydrolysate. 

T. mentagrophytes (N) developed a yellow pig- 
ment in the medium containing alanine, a reddish 
brown color with glycine, valine, histidine and 
serine, and a brownish color with arginine and 
asparagine. 

Colonies with finger-like process in the agar de- 
veloped with alanine, glycine, leucine, valine and 
serine. The colonies on media containing aspartic 
acid, isoleucine, glutamic acid, lysine, methionine, 
tyrosine, phenylalanine, casein hydrolysate, and 
peptone, were more or less similar in appearance 
with smooth and regular edges. Those with arginine, 
asparagine, and histidine, were intermediate. 

Amounts larger or smaller than 1.0 mg. of some 
of the amino acids were used in other experiments. 
For example, leucine at 0.485 mg. per tube (an 
amount equal to that in several mg. of casein hy- 
drolysate) had an effect equal to between 0.25 and 
0.5 mg. of casein hydrolysate. Glutamic acid at 2.18 
mg. per tube (the amount in 10 mg. of casein hy- 
drolysate) was about as effective as 1.0 mg. of 
casein hydrolysate. 

Effect of mixtures of amino acids . — Since none 
of the amino acids used singly had as great an effect 
on T. mentagrophytes (N) as an equal amount of 
casein hydrolysate, it seemed desirable to test mix- 
tures of selected amino acids. To group the amino 
acids according to their effectiveness was difficult 
because, as was pointed out earlier, the relative 
value of the various amino acids changed somewhat 
with time and the differences in the character of 
growth on an agar medium (thickness compared to 
spread, surface growth compared to subsurface 
growth) obtained with the different amino acids 
made evaluation difficult. However, on one criterion 
or another various mixtures of amino acids were 
prepared and tested. For example, the appearance 
of the colonies at the end of five weeks, modified to 
some extent by observations made during the earlier 
development, was used to divide the 19 amino acids 
into four groups. These were: (1) the seven best 
acids including arginine, glycine, a-alanine, leucine, 
tyrosine, lysine 9 and proline; (2) the five next best 
(valine, isoleucine, glutamic acid, aspartic acid and 
histidine) ; (3) the two next best (serine and 
phenylalanine) ; (4) the five least effective (trypto- 
phane, threonine, hydroxyproline, cystine and 
methionine). 

Each of these four groups was added to the basal 
agar medium without asparagine in 1.0 mg. and 
10.0 mg. quantities per tube; the total amount was 
equally divided amongst the acids in a group. For 
example, 10.0 mg. of group 1 was composed of 1.4 
mg. of each of the seven amino acids, but 10.0 mg. 
of group 3 was composed of 5.0 mg. of each of the 
two amino acids. In addition, groups 1 and 2 were 
combined, making twelve amino acids; groups 1, 2 

9 Although lysine was not favorable for growth in di- 
ameter, it was included in this group because of its effect 
on surface growth. 
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Fig 5 T mentagrophytes (N) grown 10 days on basal agar medium containing no asparagine plus (1) 10 mg. 
casein hydrolysate; (2) 10 mg. of 7 amino acids in group 1; (3) 5 amino acids in group 2; (4) 2 amino acids in 
group 3; (5) 5 amino acids in group 4; (6) 14 amino acids in groups 1, 2 and 3; (7) 19 amino acids in groups 1, 
2, 3 and 4. See text for details. 


and 3 were combined (14 amino acids) ; and groups 
1 , 2 , 3 and 4 were combined (19 amino acids). The 
larger the number of amino acids added per tube 
the smaller was the quantity of each amino acid 
present. Observations on growth were made over a 
period of 5 weeks (table 6). 

The five amino acids in group 4 were distinctly 
detrimental (fig. 5). At 10.0 mg. per tube they in- 
hibited growth completely for the first week or ten 
days, and development after two weeks was slight. 
At 1.0 mg. per tube also this group was inhibitory; 
very little growth occurred in the first week and 
growth was slow thereafter. The addition of these 
five amino acids to the fourteen others reduced 
growth about one-half for the 10.0 mg. quantity 


(fig. 5), and was definitely harmful when 1.0 mg. 
was used. 

All of the other mixtures were beneficial. The 
character of growth (thickness, spread, surface, 
subsurface) varied with the various combinations 
used, and no group equaled in effectiveness an equal 
weight of casein hydrolysate. Growth with 10.0 mg. 
of each group was better than with 1.0 mg., with 
the exception of group 4. The combination which 
approached casein hydrolysate most closely in char- 
acter and amount of growth was that containing the 
14 amino acids. The effect of 10.0 mg. of the 14 
amino acids was equivalent to that of 2.0 mg. of 
casein hydrolysate. 

Other combinations of amino acids were tested. 
Nine amino acids (leucine, isoleucine, tryosine, glu- 


Table 6. Colony diameter of T. mentagrophytes ( N ) on basal agar medium containing no 
nitrogen and supplemented with casein hydrolysates or 19 amino acids in groups. See text 
for details. 


Addition to basal medium containing 
no asparagine 


Average colony diameter in mm. 
4 days 7 days 14 days 


Casein hydrolysate 10 mg 18.3 

Casein hydrolysate 5 mg 16.3 

Casein hydrolysate 2 mg 12.7 

Casein hydrolysate 1 mg 12.7 

Casein hydrolysate 0.5 mg 13.0 

No addition 2.0 

Group 1 7 amino acids 10 mg 8.2 

Group 1 7 amino acids 1 mg.. . . . . 6.5 

Group 2 5 amino acids 10 mg 10.0 

Group 2 5 amino acids 1 mg 7.0 


Group 3 2 amino acids 10 mg 11.3 

Group 3 2 amino acids 1 mg 10.0 

Group 4 5 amino acids 10 mg 0.0 

Group 4 5 amino acids 1 mg . , . 0.0 

Group 1 and 2 10 mg 10.3 

Group 1 and 2 1 mg .......... ...jl... 11.0 

Group 1, 2 and 3 10 mg ... ... 12.7 

Group 1, 2 and 3 1 mg 10.3 

Group 1, 2, 3 and 4 10 mg 10.0 

Group 1, 2, 3 and 4 1 mg,. 6.0 
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tamic acid, phenylalanine, aspartic acid, proline, 
arginine and histidine) were used in the proportions 
found in casein in amounts per tube equivalent to 
10.0, 1.0, 0.5, 0.25 and 0.1 mg. of casein hydroly- 
sate. They were added to the basal agar medium 
without asparagine. For the first week of growth, 
6.14 mg. (equivalent to 10 mg. of casein hydroly- 
sate) of the nine amino acids nearly equaled the 
activity of 5.0 mg. of casein hydrolysate. However, 
the smaller quantities were relatively less effective. 
For example, 0.614. mg. (equivalent to 1.0 mg. of 
casein hydrolysate) approximately equaled the 
effect of 0.25 mg. of casein hydrolysate, and 0.307 
mg. (equivalent to 0.5 mg. of casein hydrolysate) 
had about the same effect as 0.1 mg. of the hydroly- 
sate. These nine amino acids furnished in the pro- 
portions found in casein hydrolysate were, there- 
fore, between one-third and three-fourths as active 
as equal amounts of casein hydrolysate, and be- 
tween one-fifth and one-half as beneficial as equiva- 
lent amounts of casein hydrolysate. 

Four amino acids (leucine, isoleucine, tyrosine 
and glutamic acid) were used in the proportions 
found in casein hydrolysate in amounts equivalent 
to 10.0, 1.0 and 0.25 mg. of casein hydrolysate per 
tube of the basal agar medium without asparagine. 
When equal weights were compared, these four 
amino acids were about as effective as the nine 
described above. When amounts equivalent to casein 
hydrolysate were compared the four amino acids 
were somewhat less effective; the extent of growth 
was as great or greater than was obtained with the 
nine amino acids, but the growth was less heavy. 

A mixture of six amino acids (leucine, isoleucine, 
phenylalanine, glutamic acid, tyrosine and argi- 
nine) was used in 10.0 mg. amounts per tube of the 



Fig. 6. T. mentayrophytes, 1 and 3 on basal agar me- 
dium; 3 and 4 on basal agar medium plus 0.1 mg. casein 
hydrolysate. In (1) the culture is normal; in (9) fully 
pleomorphic; in (3) normal and in (4) pleomorphism has 
begun on lower right edge of colony. Age 37 days. 

basal agar medium without asparagine. In one ex- 
periment the six acids were used in the proportions 
found in casein and in another in equal quantities, 
that is, 1 .66 mg. of each. The six amino acids in 
equal amounts were somewhat more beneficial than 
in the proportions found in casein, and they were 


more beneficial than 10.0 mg. of the nine amino 
acids, or of the four amino acids previously used. 

The six amino acids mentioned above, used in 
equal amounts, seemed to be the best mixture tested 
(fig. 3). The effect of omitting one after the other 
of the six acids leaving the other five was deter- 
mined. The omission of leucine had little effect. The 
omission of arginine and of tyrosine reduced growth 
most, followed by glutamic acid and then by 
phenylalanine and isoleucine. 

We also added to the six amino acids a-alanine, 
valine, serine, histidine and lysine singly in the 
amounts found in 10 mg. of casein. Valine (0.75 
mg.) alone seemed to be of any benefit; serine had 
no effect; a-alanine (0.2 mg.), histidine (0.25 mg.) 
and lysine (0.6 mg.) reduced growth somewhat. 
When 10.0 mg. of the eleven amino acids 10 were 
used in the proportions found in casein, growth was 
poor, about one-half of that obtained with 10 mg. 
of the six amino acids. 

Taurocholate and glycocholate. — -Sodium tauro- 
cholate and sodium glycocholate proved to be poor 
sources of nitrogen. They were added in quantities 
of 1.0, 2.5, 5.0, 7.5 and 10.0 mg. per tube of the 
basal agar medium lacking asparagine. Growth 
with taurocholate was somewhat better than with 
glycocholate, but the best growth with either did 
not approach that with 1.0 mg. of casein hydroly- 
sate. 

Pleomorphic strains. — As cultures of T . menta- 
grophytes age, pleomorphic forms develop. 11 These 
“mutants” are characterized by white aerial cottony 
mycelium and sparse conidial production. Such 
pleomorphic forms are said to be less infectious 
than the normal form and to be stable ; that is, they 
do not revert to normal (Brumpt, 1927). 

Pleomorphisms appeared in our experiments on 
various parts of the colonies of the (N) form and 
rapidly overgrew them (fig. 6). We isolated three 
pleomorphic forms from the (N) strain and used 
them in part of our studies. One of these (A) grew 
vigorously on the basal agar medium, formed little j 
pigment and was nearly sterile; the second (B) 
grew less vigorously though more so than (N), j 
formed a few conidia and produced a reddish brown 
pigment in both liquid and agar culture; the third 
(C) was weakly pleomorphic and differed little ; 
from (N). We maintained strains (A) and (B) j 
apparently unchanged for more than 14 months by [ 
subculturing at intervals of two weeks or less. At j 
some time during this period and after the experi- \ 
ments described here strain (C) underwent further j 
modification in the direction of (A). From our ex- f 
perience it would appear possible to obtain a large 

10 These were leucine, isoleucine, phenylalanine, gluta- j 

mic acid, tyrosine, arginine, a-alanine, valine, serine, histi- ' 
dine and lysine. j 

11 Medical mycologists have given the term pleomor- 

phism a special meaning. We have used it here in the 
specialized sense. It is uncertain whether the so-called \ 
mutations or saltations observed for other fungi are com- ! 
parable to the pleomorphisms of the dermatophytes j 
(Emmons, 1939). J 
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Fig. 7. Three pleomorphic forms of T. mentagrophytes (A), (B) and (C). (1) The three forms grown on basal 
agar medium; (2) on basal agar medium plus 1.0 mg. of casein hydrolysate; (3) (A) on basal medium, (B) on 
basal medium plus 1.0 mg. casein hydrolysate, (C) on basal medium plus 10 mg. casein hydrolysate; (4) (A) on 
basal medium plus 0.01 mg. casein hydrolysate, (B) on basal medium plus 10.0 mg. casein hydrolysate, (C) on basal 
medium plus 25 mg. peptone. Age 7 days. 


: pleomorphic strains varying in vigor and in triplicate in 25 ml. quantities of the basal solu- 
graded series (fig. 7). tion to which 0.1, 1.0 or 10.0 mg. of casein hydroly- 

of casein hydrolysate on pleomorphic sate or 25.0 mg. of peptone were added per flask. 

Casein hydrolysate and peptone benefited Dry weights were determined after ten days’ 

h of the pleomorphic strains (fig. 7). By growth ( table 7 ). The ( N ) strain pro duced 0.1 mg. 
on of suitable amounts of casein hydroly- of dry matter in the basal solntion the (B) strain 

ptone to the basal agar medium the spread 3 3 and the (A) 11A The d we ight pro- 

t of (B) and (C) could be increased to duced the (N) strain with 25 0 of pep t one 
A) without such supplements. (A) grew , . v , , £ ,, ,? \ . 

ithont casein as (C) did with the addition WaS ® b ° ut tbe ^me as that formed by the (A) .tram 
of casein hydrolysate, and somewhat bet- ln tbe basal me<W Casein hydrolysate and pep- 

(B) with the addition of 1.0 mg. of hy- tolle leased the growth of all three strains, 

per tube (fig. 7). However, even with Temperature and development of pleomorphisms. 

ats of casein hydrolysate, the various Pleomorphisms developed more quickly at the 

uld readily be distinguished from one an- higher temperatures and were delayed at the lower 
the general morphology of the colonies. temperatures. Of fifty cultures on thiamine-peptone 
results were obtained in liquid cultures, agar all bad become pleomorphic after five weeks 

V), (B) and (N) were grown for ten days incubation at 35°C. Of fifty cultures at 15° no 

Table 7. Average dry weight of triplicate cultures of T. mentagrophytes strains (A), (B) and 
( N ) after ten days growth in M ml. of basal solution supplemented as indicated. 


Average dry weight mg. 

(A) strain (B) strain (N) strain 


Additions to basal solution 


10.0 mg. casein hydrolysate 

1.0 mg casein hydrolysate. 
0.1 mg. casein hydrolysate. 

25.0 mg. peptone 

None 
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pleomorphisms were demonstrable after nine weeks, 
and not over ten after thirteen weeks incubation. 

Use of inorganic nitrogen by pleomorphic form. 

■ — Not only was pleomorphic form (A) found to 
grow more rapidly with asparagine or casein hy- 
drolysate as a source of nitrogen, but it was able to 
utilize inorganic nitrogen in the form of NH 4 NO 3 
though much less effectively than casein hydroly- 
sate. Ten mg. of NH 4 NO 3 were about as satisfac- 
tory as 1 mg. of casein hydrolysate when observa- 
tions were made in liquid or agar cultures after a 
period of two weeks (table 3). 

Growth-promoting material produced by pleo- 
morphic strains. — The more vigorous development 
of the pleomorphic strains suggested that they pro- 
duced some growth-promoting material in greater 
amounts than the (N) strain. It was found that 
w r ater-soluble thermostable substances with growth- 
promoting properties developed in cultures of T. 
rnentagrophytes, and the effectiveness of extracts 
of the more vigorous pleomorphic strains was great- 
er than that of the less vigorous strains. 

For example, strains (A), (B) and (N) were 
grown in 25 ml. quantities of the basal liquid me- 
dium at 30° C. At the end of twelve days sufficient 
puriffed agar to make two per cent was added to 
each flask and the cultures were autoclaved. The 
mycelium was not removed. Triplicate flasks in 
which strain (A) had grown were inoculated with 

(A) , another set with (B), and a third with (N). 
The same procedure was followed with the flasks 
in which (B) had grown, and in which (N) had 
grown. 

At the end of one week the (A) strain had formed 
the largest colonies and the (N) the smallest (table 
8). The growth of the (N) strain was increased by 
extracts from (A), (B) and (N), most by (A) and 
least by (N). The (B) strain was favorably affected 
by the extracts of the (A) and (B) strains, more 
by the former than the latter, but was not improved 
by extracts of (N). The (A) strain was favorably 
influenced by the extract of (A) ; it was not affected 
by extracts of (B) or (N). At the end of eleven 
days the growth of the (N) strain on (A) was 
scanty, but covered about one-third of the agar sur- 
face, on (B) it was about one-half as much, on (N) 
it was a little better than on the check, and about 
one-fourth of the growth on (B). Growth of the 

(B) strain on the medium supplemented with ex- 
tracts of (A) was heavy, covering about one-third 
of the surface; growth on (B) was much like that 


on (A) but less in extent; growth on (N) and on 
the check were much alike and about one-half that 
on (B). The growth of (A) was best on (A) form- 
ing a heavy white mycelium which covered the en- 
tire surface of the agar; on (B), (N) and the 
check, growth was about alike and perhaps one-half 
of that on (A). In general each strain was bene- 
fited by extracts of its own growth, and of those 
strains which were more strongly pleomorphic, but 
not by those less strongly pleomorphic. These re- 
sults suggest that the extracts from the various 
strains differ qualitatively. Strain (B) appeared to 
produce the beneficial materials formed by (N) and 
some additional ones with the result that (B) was 
not benefited by extracts of (N), Similarly (A) 
appeared to produce the beneficial materials made 
by (N) and by (B) plus some not made by (N) 
or (B). 

It was found also that extracts of the mycelium 
of (A) had more effect on the growth of (N) than 
extracts from an equal weight of the mycelium of 
(B). Five cultures of each strain, (A), (B) and 
(N), grown 20 days in the basal liquid medium were 
autoclaved, filtered through Gooch crucibles, and 
the mycelium dried and weighed. The weight of the 
mycelium from the five cultures of (A) was 785.4 
mg., of (B) 570.0 mg., and of (N) 1.2 mg. The 
filtrate from each strain was saved, evaporated to 
50 ml. and the hydrogen-ion concentration adjusted 
to pH 5.3. Some of the original culture fluid was 
treated in the same fashion. Aliquots of these solu- 
tions were added to the basal solution adjusted to 
pH 5.3, solidified with two per cent purified agait 
and tubed. The effect of the extract from 33.3 mgi 
of the mycelium of (A) was compared with that 
from 33.3 mg. of (B). Half these quantities als<) 
were used. The tubes were inoculated with the (Nj 
strain and growth noted over a period of about thre^ 
weeks. The extract from a given weight of mycef 
lium of (A) was more beneficial than that from ar 
equal weight of (B) (fig. 8). The differences were 
more pronounced in the early stages of develop! 
ment than later. I 

Similar experiments were performed using liquic 
cultures throughout. In one instance cultures o) 
(A), (B) and (N) ten days old were autoclave^ 
and filtered as before. The mycelium in five culture^ 
of (A) weighed 55.6 mg., of (B), 32.3 mg. and o \ 
(N), 2.7 mg. The extracts were adjusted to pF 
5.2, Extract from 10 mg. of the mycelium of (AJ 
was added to the basal liquid medium and inoeu 


Table 8. Colony diameters after seven days of T . rnentagrophytes strains (N), (B) and ( A ) 
on basal medium in which strain (A), (B) or (N) had been grown for days . 


Basal medium in which there 
had grown strain 

Average colony diameters in mm. of 
(N) strain (B) strain (A) strain 

(A) 


21.0 

31.0 

W 

15.0 

17.5 

21.0 

(N) 

5.7 

9.5 

21.0 

None' 

4.0 

10.0 

22.0 
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lated with (N). The same procedure was followed 
for the extract of the mycelium of (B). At the end 
of ten days the mycelium in two cultures of the (N) 
strain in the (A) medium weighed 3.0 mg., in the 
(B) medium 2.8 mg. and in the check 0.4 mg. 



Fig. 8. T. mentagrophytes (N) grown 9 days on basal 
agar medium (1) with no addition; (2) plus extract of 
20 day old culture of strain (A) equivalent to 33 mg. 
mycelium; (3) plus extract of 20 day old culture of strain 
(B) equivalent to 33 mg. mycelium. 

Reversion from pleomorphic condition to normal. 
— A reversion of the pleomorphic forms to the nor- 
mal form was not observed. Media to which high 
concentrations of an extract of difco agar were 
added had no effect. Sulfanilamide in amounts rang- 
ing from 0.01 mg. to 5.0 mg. per tube and a medium 
saturated with sulfapyridine did not induce the 
pleomorphic form to return to a normal condition. 
Negative results were obtained with the basal me- 
dium to which calcium or potassium propionate was 
added in amounts ranging from 0.1 mg. to 50 mg. 
per tube. Strains (A) and (B) were incubated at 
15°C. Subcultures made from each after one month 
were pleomorphic. No effect on reversion was ob- 
served when the pleomorphic form (A) was grown 
on the basal medium supplemented with 1 mg. or 5 
mg. per tube of tryptophane, threonine, hydroxy- 
proline, serine, methionine, tyrosine, phenylalanine 
or isoleucine. Steinberg and Thom (1942), and 
Steinberg (1944), obtained reversions of a nitrate- 
induced injury-mutant of Aspergillus niger when 
grown on certain amino acids or mixtures of amino 
acids. 

Discussion.— The questions considered in this in- 
vestigation fall into two groups: those concerned 
with the nutrition of the normal form of T . menta- 
grophytes , and those concerned with the mutant or 
pleomorphic forms which originate spontaneously 
from the normal form. 

We were originally interested in determining why 
the addition of peptone to a basal medium of min- 
erals, asparagine and dextrose so markedly im- 


proved the growth of T. mentagrophytes. The in- 
vestigation of this question raised others, some of 
which are discussed below. 

It is probable that the beneficial effects of pep- 
tone were caused by the amino acids it supplied. 
This conclusion appears to follow from the follow- 
ing considerations. The beneficial material in pep- 
tone was not adsorbed by Norit A; that is, it con- 
sisted of filtrate factors. This eliminated many of 
the water soluble B vitamins and, furthermore* the 
addition of a considerable number of vitamins to 
the basal medium did not affect the growth of the 
fungus. It appeared to be autotrophic as far as vita- 
mins are concerned . 12 On the other hand, hydroly- 
sates of egg albumen, of vitamin-free casein, and of 
a highly purified gelatine, had effects very similar 
to those of peptone. In fact, we prepared mixtures 
of amino acids which stimulated growth as peptone 
did though not to the same extent. Although it 
seems quite clear that at least part of the favorable 
action of peptone can be ascribed to amino acids 
we can not say that they are the only substances 
concerned. An unqualified statement to this effect 
would not be justified until a mixture of amino 
acids is devised which is as active as an equivalent 
amount of peptone or of casein hydrolysate; we 
were not successful in preparing such a mixture. 

One of the interesting observations made in the 
course of our experiments was that T. mentagro- 
phytes (N) could use asparagine, or any one of 
fourteen amino acids, as a source of nitrogen, but 
was unable to utilize ammonia. It appears that this 
fungus transforms asparagine, or any one of sev- 
eral amino acids, into all the various amino acids 
required for the construction of its protoplas- 
mic proteins without previous ammonification. Of 
course, it is possible to conceive of some common 
denominator other than ammonia (hydroxylamine, 
for example), into which these various organic 
nitrogenous compounds were transformed before 
they were used. We are inclined to believe, however, 
that the normal form of T. mentagrophytes lacks 
the metabolic machinery necessary for making or- 
ganic nitrogen from ammonia, at least in quantity 
adequate for significant growth. The situation seems 
to agree with the more recent concepts on the 
metabolism of amino acids by animals . 13 

12 Schopfer and Blumer (1942) concluded that the bene- 
fit of certain peptones for Trichophyton album could be 
ascribed to the biotin content of the peptones. This is 
similar to the situation Robbins and Ma (1942b) found 
for T. discoides , except that thiamine, pyridoxine and 
i-inositol were the vitamins concerned. However, T. dw- 
coides suffered also from partial deficiencies for unidenti- 
fied factors present in peptone, casein hydrolysate, hy- 
drolyzed egg albumen, gelatine and other natural prod- 
ucts. Robbins and Ma considered these unidentifid favor- 
able factors were probably amino acids, but did not suc- 
ceed in demonstrating this assumption. 

13 In animal physiology the concept of amino acids as 
static building .stones from which proteins are made has 
been replaced by one which regards them as labile struc- 
tures which are continuously “disappearing, reappearing 
and changing into each other” (Almquist, 1944). Methio- 
nine may be transformed into cystine; the carbon chain 
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Although in some respects T. mentagrophytes 
resembles an animal in its relation to sources of 
nitrogen, there appear to be no “indispensable” 
amino acids in the sense that the fungus failed to 
grow unless a particular amino acid was furnished 
in the nutrient medium. The power of T, menta- 
grophytes to transform organic nitrogen into pro- 
toplasmic amino acids seems to be greater than 
that of the higher animal. 

Although T , mentagrophytes is capable of mak- 
ing from a single amino acid all those needed for 
its proteins, a mixture of amino acids was superior 
to an equal amount of any single one. This is prob- 
ably because amino acids, if available in the me- 
dium, are incorporated into fungus protein more 
rapidly than they are supplied by the metabolic 
transformation of asparagine, or of a single amino 
acid. In other words, the mechanism for transform- 
ing asparagine or a single amino acid into those 
required for cell substance works too slowly. The 
problem with which we are concerned is somewhat 
different from the utilization of amino acids by 
Aspergillus niger studied by Steinberg (1942). 
This fungus is capable of assimilating ammonia, 
and it is uncertain to what extent the amino acids 
are used directly, and how far their utilization de- 
pends upon the ability of the fungus to form am- 
monia from them. 

An interesting observation, which deserves fur- 
ther investigation, was the toxicity of some of the 
amino acids (threonine, methionine, hydroxypro- 
line, and perhaps others). This was evident when 
these acids were used alone and, also, when they 
were mixed with others which were beneficial by 
themselves. It was especially marked for hydroxy- 
proline which under some conditions markedly in- 
hibited growth at 1 to 8000, and almost completely 
stopped it at 1 to 800. The amino acids we used 
were of as high purity as could be obtained. How- 
ever, some of them doubtless contained impurities. 
If the impurities were responsible for the injury 
observed with hydroxyproline, for example, they 
must be active in extremely small amounts. 

The casein hydrolysate prepared from amino 
acids was less beneficial than the natural product 
when the two were compared on an equal weight 
basis. Why should this be? There are two groups 
of explanations to be considered. One assumes that 
there is something beneficial in the natural casein 
hydrolysate which is not present in the synthetic 
preparation. This can not be eliminated ; the natural 
hydrolysate contains many substances other than 
amino acids. However, we were not successful in 

of serine, into that of cystine; phenylalanine, into tyro- 
sine; ornithine, into cystine, proline or glutamic acid. 
Most of the glutamic acid in the tissue proteins of ani- 
mals appears to he newly formed. There are, however, 
limits to these changes in the animal organism. The ‘fin- 
dispensable” amino acids are not constructed in the 
animal body and differences in the power to transform 
some of the “dispensable” amino acids exist between dif- 
ferent kinds of animals, even in the same animal at 
different ages. 


obtaining evidence for any such special beneficial 
substances. 14 The other possibility is that there is 
something detrimental in the synthetic hydrolysate 
which is not active in the natural product. This at 
first sight appears to be the more probable of the 
two possible explanations since we found some amino 
acids to be injurious. On the other hand, these same 
amino acids occur in the natural casein hydrolysate. 
The situation is puzzling and requires further in- 
vestigation. Gladstone (1939) has described inter- 
esting antagonisms between amino acids in the nu- 
trition of B . anthracis . 

In any event, other observations in this labora- 
tory lead us to believe that the beneficial action of 
vitamin-free casein hydrolysate and other protein 
hydrolysates is a common phenomenon among the 
fungi. This means, if our explanation for T. menta- 
grophytes is correct, that many of the fungi are not 
able to make from inorganic nitrogen, or from a 
single organic nitrogenous source, the various amino 
acids needed for their protoplasmic proteins as rap- 
idly as they can be used if furnished preformed in 
the culture medium. 

The development of pleomorphic forms by T . 
mentagrophytes is a complicating circumstance in 
the study of this organism, but an intriguing one 
also. Tlie change by this fungus from a slowly grow- 
ing to a rapidly growing condition, which persists 
through indefinite subcultures, bears certain analo- 
gies to that which occurs when a more or less static 
animal cell becomes a rapidly growing cancer cell. 
In both instances the situation is characterized by 
a greater ability to grow — a greater ability to make 
cell substance. We do not mean to imply that the 
same thing happens in both examples; that is be- 
yond the evidence at hand. However, there is a 
similarity (which may be superficial) between what 
happens in the development of pleomorphic forms 
of T. mentagrophytes (and in saltations or sectional 
mutations and similar phenomena in other fungi) 
and in the development of cancer tissue; both can- 
cer cells and pleomorphic forms are fundamentally 
growth problems. An elucidation of the physiology 
of any one of these phenomena may throw light on 
another. 

So far as T. mentagrophytes is concerned the • 
pleomorphic forms seem to be characterized by a !■ 
greater ability to transform ammonium salts and 
asparagine into the amino acids necessary for pro-; 
top] as in ic protein . 15 These transformations are 
pnebably enzymatic, which means that in becoming! 

14 Unpublished results, generously transmitted to us 
by Dr. David R. Goddard, suggest that Trichophyton] 
inter digitate (T. mentagrophytes (Emmons, 1934)) uses 
sulfate sulfur far less readily than some forms of organic 
sulfur. The greater benefit from casein hydrolysate, as 
compared with the synthetic product prepared from 
amino acids, may be accounted for by the presence of 
more organic sulfur in the natural product. We did not, 
however, observe any marked effect of the amino acids 
which contain sulfur as compared to those which do not. 

15 The development by the pleomorphic forms of ability 
to use ammonia resembles to some extent the adaptation 
of some bacteria to utilize ammonia (Knight, 1932). j 
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pleomorphic the fungus has developed new or more 
effective enzyme systems than exist in the normal 
form. Furthermore, it seems probable that more 
than one enzyme system may be involved. This is 
suggested by the observation that many pleomor- 
phic strains differing in growth rate on the basal 
asparagine medium can be isolated, and by the 
effect of extracts made from the normal and pleo- 
morphic forms on the growth of the same strains. 
It will be remembered that extracts from the strain 
which grew most rapidly increased its own growth 
and that of strains which grew less rapidly. On the 
other hand, extracts of the slowly growing strains 
did not affect the growth of more rapidly growing 
strains. This indicates that the slowly growing 
strains do not make some of the substances needed 
by the rapidly growing strains and, contrariwise, 
the rapidly growing strains produce essential me- 
tabolites deficient in those with slower growth rates. 
Since this seemed to hold for three strains in which 
the extract of (N) affected only (N), the extract 
of (B) affected (B) and (N), and the extract of 
(A) affected (A), (B) and (N), more than one 
substance and, therefore, more than one enzyme 
system appears to be concerned. 

Of course we cannot say categorically what the 
growth-promoting materials in these extracts were. 
It is natural to suggest the amino acids, but it is 
possible to conceive of other compounds, even 
unidentified coenzymes associated with the enzyme 
systems involved in the transformation of one or- 
ganic nitrogenous compound into another. 

Even if the development of pleomorphic forms 
of T. mentagrophytes is fundamentally a change in 
the ability of the organism to transform a single 
source of nitrogen into the various amino acids re- 
quired for the construction of cell substance, the 
same explanation may not apply to other similar 
phenomena in the fungi. Thus mutant forms of 
Fusarium avenaceum developed the power to syn- 
thesize biotin which the “normal” form lacked 
(Robbins and Ma, 1941). 

This investigation emphasizes the concept of 
growth as depending upon essential metabolites, a 
complete or partial deficiency of any one of which 
may become a limiting factor. Such limiting essen- 
tial metabolites may be vitamins or their precur- 
sors, one or more amino acids, or any other com- 
pound in the chains which result in the formation 
of cell substance. 

SUMMARY ' . 9 

Trichophyton mentagrophytes (T. gypseum ) iso- 
lated from a human subject was maintained in a 
freely sporulating condition by frequent transfers. 
Tins normal form was unable to utilize ammonium 
nitrate and grew much more rapidly with peptone, 
casein hydrolysate, gelatine hydrolysate, and other 
natural products than with asparagine. The fungus 
appeared to be autotrophic as far as vitamins were 
concerned. The beneficial action of peptone, casein 
hydrolysate and other protein hydrolysates is be- 



lieved to be caused by amino acids. However, al- 
though mixtures of amino acids were beneficial none 
was found as satisfactory as casein hydrolysate?) 
The fungus used asparagine or any one of 14 aminou 
acids as a source of nitrogen, but no single com- 
pound was as satisfactory as a suitable mixture of 
amino acids. No evidence for indispensable amino 
acids was obtained. It is suggested that the superi- 
ority of a mixture of amino acids depends upon the 
inability of the fungus to transform inorganic ni- 
trogen or a single organic nitrogenous compound 
into the various amino acids needed for protoplas- 
mic protein as rapidly as they can be used if fur- 
nished preformed in the culture medium. An ap- 
proximation of casein hydrolysate prepared from 
amino acids was not as satisfactory as the natural 
casein hydrolysate. Fractions or extracts obtained 
with ethyl, butyl or octyl alcohol from natural 
casein hydrolysate did not account for its greater 
effectiveness. Some amino acids, especially hydroxy- 
proline, were injurious. 

Mutant or pleomorphic forms were isolated and 
maintained in culture. The development of pleo- 
morphic forms was delayed by incubation at lower 
temperatures. Reversion from pleomorphic to nor- 
mal was not observed. The pleomorphic forms util- 
ized ammonia and asparagine more readily than 
did the normal form. Extracts of a pleomorphic 
form favorably influenced its own growth and that 
of strains less vigorous. It is suggested that pleo- 
morphism of T. mentagrophytes involves the de- 
velopment of a better mechanism for transforming 
ammonia or a single organic nitrogenous source into 
cell substance. 

New York Botanical Garden and 
Department of Botany, 

Columbia University 
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EFFECTS OF DEFICIENCIES OF CERTAIN MINERAL ELEMENTS ON THE 
DEVELOPMENT OF TARAXACUM KOK-SAGHYZ 1 

Bernard S. Meyer 


The Russian dandelion, Taraxacum kok-saghyz 
Rodin, was discovered in 1931 on the high plateau 
of Tian-Shan in Kazakhstan, Russia. The poten- 
tialities of this plant as a source of rubber were 
recognized from the first and it apparently has 
been grown on a fairly extensive scale as a crop 
plant in some parts of Russia, especially the 
Ukraine. Considerable progress also appears to have 
been made in that country in the selection of high 
rubber content strains of the plant and in its agro- 
nomic management as a crop. As an outcome of the 
war emergency, seeds of this plant were first 
brought to the United States in May, 1942 (Bran- 
des, 1942), and it has been the subject of a number 
of investigations in this country since that time. 
Warrnke (1943, 1944) has published on the macro- 
sporogenesis, fertilization, and embryology of this 
plant, Artschwager and McGuire (1943) on its 
morphology and anatomy, Borthwick, Parker, and 
Scully (1943) on its reactions to temperature and 
photoperiod, Marth and Hamner (1943) on the 
effect of growth substances on its vegetative propa- 
gation, and Levitt and Hamm (1943) on a method 
of increasing the rate of seed germination of this 
species. To date, however, no papers have been 
published which report the results of critical inves- 
tigations of the mineral nutrition of this species. 
In this paper the results of an investigation of some 
of the effects of deficiencies of nitrogen, phosphor- 
us, calcium, magnesium, and potassium on the de- 
velopment of kok-saghyz plants are reported. 

Experimental methods.- — Two-gallon glazed 
porcelain pots 2 were used as the containers in all 

1 Received for publication April 4, 1945. 

Papers from the Department of Botany, the Ohio State 
University, No. 480, A part of the work reported in this 
paper was done while the author was employed as Asso- 
ciate Physiologist in Rubber Investigations, Bureau of 
Plant Industry, Soils, and Agricultural Engineering, 
U. S. Department of Agriculture. Another part of this 
investigation was aided by a research grant from the 
Ohio Academy of Science. The substantial assistance of 
Dr. H. T. Scofield with one of the series of experiments 
is also gratefully acknowledged. 

2 Sold by the Red Wing Potteries, Chicago, 111., as 
“urn liners, 51 


experiments. Six pots were used in each experi- 
ment and the experiment was repeated five times. 
The drain hole in the bottom of each pot was 
plugged with a rubber stopper through which was 
inserted a glass drain tube 8 mm. in diameter. A 
square of glass wool, about 5 X 5 cm., was laid 
across the top of the stopper, which was flush with 
the bottom of the pot. Each pot was filled to within 
about 5 cm. of the top with a coarse (#3%) silica 
sand (essentially a fine gravel) on top of which was 
placed a layer of finer (#5%) silica sand about 4 
cm. deep, 3 

The sand in each pot was flushed several times 
with tap water, about one hundred untreated seeds 
of kok-saghyz were sprinkled over its surface, and 
a very thin layer of #5% sand drifted over the 
layer of seeds. The seeds used in the first two ex-? 
periments were of the 1941 crop imported directly 
from Russia; those used in the last three experi-j 
ments were of the 1942 crop, harvested at St. Paul.; 
Minnesota. Except during the summer months of 
high atmospheric vapor pressures, the pots were 
kept covered with glass plates for two to three 
weeks after sowing the seeds. The young seedling? 
were protected from direct sunlight with a layer of 
cheesecloth. Germination of most seeds occurred iijj 
two to four days and the percentage of germination 
although not determined, was obviously high. 

The rosettes of kok-saghyz plants develop verj 
slowly during the first six to eight weeks. Durin| 
this period the stand of seedlings was gradually 
thinned until ultimately only three plants were lef 
in each pot (in experiment 1 only two plants weri 
left per pot). During the thinning process weaker; 
plants were gradually eliminated. Also non-kok 
saghyz dandelions, present in considerable nuirj 
hers because of seed contamination but readil; 
identifiable even as young seedlings, were removed 
The thinning was done in such a way as to provicf 
a suitable spacing for the plants which remained f 
each pot. j 

3 The jfcSVa and 5% sands were obtained from the If 
dustrial Silica Corporation, Youngstown, Ohio. ’ [ 
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Table 1 , Composition of solutions. Milliliters of 1 M single salt solution to make S liters of nutrient solution , To each 
3 liters of the completed solution are also added 3 ml. of ferric tartrate solution and 3 ml. of the minor element 
solution. 


Solution 

KN0 3 

kh 2 po 4 

Ca(N0 3 )o 

MgS0 4 

KCl 

CaCl 2 

Na 2 S0 4 NaH 2 P0 4 NaN0 3 Mg(N0 3 ) 2 

Complete 

f> 

6 

9 

6 




Minus N 


6 


6 

6 

9 


Minus P 

6 


9 

6 

6 



Minus Ca 

6 

6 





6 " *9 

Minus Mg 

6 

6 

9 




6 .. 

Minus K 



9 

6 



6 6 




In all experiments the young seedlings were 
watered with tap water applied as a fine spray for 
approximately the first two weeks of their exist- 
ence. During the next two weeks they received in 
addition an occasional spraying with half-strength 
complete solution (table 1). When the plants were 
about one month old, irrigation with a full-strength 
complete solution was started. After about two 
weeks on this solution the pots were thoroughly 
flushed with distilled water and from then on each 
pot was irrigated with a different one of the six 
solutions used (table 1). Because of the small size 
and slow rate of development of the seedlings it 
was found necessary to allow them to develop for 
a short time with a full regimen of mineral elements 
before subjecting them to conditions of acute min- 
eral element deficiency. The set of solutions used 
has previously been employed in this laboratory 
with entirely satisfactory results in demonstrating 
mineral deficiency symptoms in several species of 
plants. 

The ferric tartrate solution used in making the 
nutrient solutions was prepared by adding 5 g. of 
ferric chloride and 5 g. of tartaric acid per liter to 
distilled water. The minor element solution had the 
following composition: 2.5 g. H 3 BO 3 , 1.8 g. 
MhC1 2 -4H 2 0, 0.1 g. ZnCl 2 , 0.05 g. CuC1 2 -2H 2 0, 
and 0.075 g. M 0 O 3 per liter of distilled water. 

The calculated osmotic pressures of all of the 
solutions in this series lie within the range of 0.50 
± 0 . 0 $ atm. The initial pH values of all the solu- 
tions (glass electrode) lie within the range of 3.8- 
4.2. As used in these experiments the pH values of 
all of these solutions showed a gradual drift 
towards higher values, the magnitude of the drift 
varying considerably, depending upon the particu- 
lar solution, the size and stage of development of 
the root system, and the prevailing climatic condi- 
tions, Values in excess of pH 7.5 were never at- 
tained, however, in any of the solutions during the 
course of this investigation. 

The pots stood on racks or benches so con- 
structed that a one-gallon amber reservoir bottle 
could stand under each pot. The drain tube from 
the pot was connected, by means of a short length 
of rubber tubing, with a glass tube which extended 
through the stopper of the corresponding reservoir 
bottle nearly to its bottom. Three liters of the ap- 
propriate solution were placed in each bottle. Irri- 


gation was accomplished by allowing a stream of 
air from a compressed air line to flow into the 
reservoir bottle through an inlet tube in the stopper. 
The solution in the reservoir was displaced up- 
wards until the sand in the pot was saturated to its 
surface; after disconnecting the air line the solution 
slowly drained back into the reservoir. Most com- 
monly a schedule of two irrigations per day — one 
in the late morning and one in the late afternoon — 
was followed. During periods of hot summer 
weather, however, three irrigations were often given 
per day, and during periods of dull days in the 
winter one irrigation per day was often found to 
be sufficient. Before each irrigation the volume of 
solution in each reservoir was restored to three 
liters by adding distilled water. Since the sand 
retained about 500 ml. of solution after drainage, 
there were always in the system of pot plus reser- 
voir bottle about 3.5 liters of solution. As a general 
rule the solutions in the reservoirs were discarded 
and replaced by entirely new solutions approximate- 
ly every two weeks. During periods of rapid growth, 
replacement of old solutions with fresh ones was 
often made at more frequent intervals, and during 
periods of very slow growth the interval between 
solution replacements was sometimes lengthened to 
as much as three weeks. 

Generally speaking the central Ohio summer 
climate is too warm for the best development of 
kok-saghyz plants, and under greenhouse conditions 
in summer the rosettes show a progressive retro- 
gression in size. Hence from about the first of June 
to about the middle of October the cultures were 
kept outdoors. High temperature effects were par- 
tially ameliorated by shading with a single layer of 
cheesecloth supported on a frame several feet above 
the plants and also by so placing the cultures that 
the plants were not exposed to direct insolation 
until mid-morning. By thus cutting the number of 
hours per day that the plants were exposed to direct 
sunlight and also by reducing the intensity of the 
incident light, excellent development of the plants 
was obtained even during the hottest months. One 
complication of working with cultures of this type 
under outdoor conditions is that surplus water accu- 
mulates in the reservoir during each rain. However, 
because of the rapid loss of water by transpiration 
and evaporation during the summer, this never re- 
sulted in more than a temporary dilution of the 
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solution. Even after a heavy thunderstorm the water 
in the reservoirs usually dropped to its normal level 
in two or three days. Prior to the first of June and 
after the middle of October the pot cultures were 
kept in a greenhouse, in which the attainment of 
excessive temperatures on bright days was avoided 
as far as feasible by appropriate ventilation. 

The relative position of the individual pots in 
each experiment was shifted according to a ran- 
domizing scheme each time the solutions were 
changed in order to minimize the possible effects 
of an asymmetric distribution of light or any other 
environmental factor. All dead basal leaves of the 
rosettes were removed from the plants from time 
to time. 

As grown under the conditions of these experi- 
ments, kok-saghyz plants were quite susceptible to 
infestations of a species of thrips {Thrips nigro- 
pilosus ) which at times caused some minor injury. 
Moderately good control of the thrips was attained 
by painting the leaves of infested plants with a 
rotenone emulsion at appropriate intervals. 

The duration of each experiment from the time 
of sowing the seed to the time of harvesting the 
roots was from five to six months, this being the 
approximate length of the growing season when 
kok-saghyz is grown as an annual crop. Upon dis- 
mantling each experiment, all leaves were plucked 
from the plants. The entire root system of each 
plant plus the short stem constituted the plant ma- 
terial used in all determinations. Plants from which 
the leaves had been stripped are henceforth desig- 
nated simply as “roots. ” The fresh weight of each 
individual root was determined immediately and, 
after drying for about 48 hours at 70° C., deter- 
minations were also made of the dry weights of the ^ 
individual roots. All root samples were also ana- 
lyzed for their percentage rubber content. 4 

Results and discussion. — Data on the yield of ; 
roots in terms of both fresh and dry weights and 
on percentage rubber contents of the roots for the 
five experiments are summarized in table 2. All j 
fresh and dry weight values except totals and aver- j; 
ages as given in this table are aggregate values for 
all plants in each pot. Two plants were left in each j 
pot during the first experiment and three plants 
were left per pot in each of the other experiments. 
Not a single one of the experimental plants was 
lost from disease or any other cause during the 
course of the investigation. However, one plant in \ 
the minus potassium pot of experiment 2 turned out 
to be a non-kok-saghyz dandelion, but was not so 
recognized until rather late in the experiment, hence 1 
only two plants were left in this pot. The only other ; 
irregularity occurred in the minus phosphorus pot ; 
of experiment 5. The original of this pot was acci- | 
dentally destroyed two weeks after the beginning of j 

4 Rubber analyses were made at the U. S, D, A. Rub- I 
her Plant Field Laboratory, St. Paul, Minnesota, or at ! 
the Laboratory of Rubber Investigations, at the Plant | 
Industry Station, Beltsville, Maryland, by a turbidi- j 
metric method which has not been published. j 



526 AMERICAN JOURNAL OF BOTANY CVoI. 32, 


the experiment and was replaced at that time by 
another. The plants in this pot were therefore two 
weeks younger at the time of harvest than the plants 
in other pots in this experiment. 

The root yields for the plants receiving all essen- 
tial ions were very different from one experiment 
to the next, doubtless reflecting the different pat- 
terns of environmental conditions which prevailed 
during the different experiments. In spite of the 
markedly different yields in the different experi- 
ments it is noteworthy that the trend of the results 
is very similar in all of them and substantially the 
same conclusions regarding effects of deficiencies 
of the several ions on the development of roots 
would be drawn from any single one of the experi- 
ments as from an overall consideration of the ex- 
periments as a group. 

In evaluating the results presented in this table 
it should be recalled that all plants received a com- 
plete solution for about one month before irrigation 
of all cultures, except the checks, was begun with 
solutions deficient in one of the essential ions. The 
proportionate concentrations of the several ions in 
the complete solution should therefore be consid- 
ered in interpreting the results. As shown in table 
1, the various ions were present in the complete 
solution in the following proportions: 8 NO;>~ : 

4 K+ : 3 Ca'+ : 2 H 2 PCV : 2 Mg^. 

As shown by the data in table 2, deficiency of 
nitrogen resulted in a smaller yield of roots in every 
one of the experiments than deficiency of any of 
the other elements studied. 

The root development of both magnesium- and 
potassium-deficient plants was also markedly less 
than for the plants receiving the complete solution, 
fresh and dry weight yields of the roots being 
roughly only half as great as for the check plants. I 
In four of the five experiments the root yield of 
magnesium-deficient plants was the lowest and in 
the other experiment second lowest except for the 
nitrogen-deficient plants. In three of the five ex- 
periments the root yield of potassium-deficient 
plants was the lowest next to yields of nitrogen- 
and magnesium-deficient plants; in one experiment 
the root yield of such plants was second lowest; 
and in one experiment the fourth lowest. 

The average values for the root yields of mag- 
nesium-deficient plants are not significantly differ- 
ent from those for potassium-deficient plants. There 
are reasons for believing that the potassium re- 
quirement of kok-saghyz may be greater than the 
magnesium requirement or at least more nearly 
equal to it than superficial inspection of these data 
would suggest. The concentration of potassium ions 
in the complete solution which all plants received 
for about one month while still in the seedling stage 
was twice as great as the concentration of magne- 
sium ions. In all probability, therefore, the young 
plants absorbed greater numbers of potassium ions 
than of magnesium ions before being placed on a 
deficiency regime. In spite of this probability re- 
duction in root growth is almost as great for potas- 


sium-deficient plants as for magnesium-deficient 
plants. It should also be noted that the potassium- 
deficient plants were grown in a solution in which 
sodium ions were available (table 1). According to 
some workers (Mullison and Mullison, 1942) so- 
dium can in part replace potassium in the mineral 
nutrition of at least some species of plants. The 
possibility at least must therefore be entertained 
that the presence of available sodium ions may have 
in part ameliorated the deficiency of potassium in 
the plants grown in cultures lacking this latter ele- 
ment. Although it is obvious from the data that both 
the magnesium and potassium requirements of kok- 
saghyz plants are relatively high, it is not possible 
to state with certainty which of these elements is 
necessary in the greater quantity. The relatively 
high magnesium requirement for normal root de- 
velopment of kok-saghyz plants is in itself, how- 
ever, a noteworthy fact. 

The average dry weight and average fresh weight 
for the roots of calcium-deficient plants were not 
greatly less than for the check plants, in spite of 
the fact that some of the calcium-deficient plants 
exhibited foliar symptoms of calcium deficiency as 
described later. In other words the “calcium-defi- 
cient” plants were able to absorb calcium ions in 
sufficient quantities during the few weeks the roots 
had access to a complete solution to meet almost the 
entire quota of this element needed during a six 
months’ growth period. A clear inference from this 
finding is that the calcium requirement of kok- 
saghyz is relatively low. 

The yield of roots from the plants receiving a 
phosphorus-deficient solution was, on the average, 
about the same as that for the plants receiving the 
complete solution. Apparently the so-called phos- 
phorus-deficient plants were able to absorb phos- 
phate ions in sufficient quantities during the few 
weeks the plants had access to a complete solution 
to meet the needs of the plants for this element 
during the entire growth period. The most probable 
inference from these results is that the requirement 
of kok-saghyz plants for phosphate ions is less than 
for any of the other four kinds of elements investi- 
gated. The fact that the proportion of phosphate 
ions in the complete solution from which the plants 
must have obtained all of the phosphorus used 
throughout their growth cycle was lower than for 
any other except magnesium supports this conclu- 
sion. 

It should also be recalled that the “phosphorus- 
deficient” plants in experiment 5 had a two weeks’ 
shorter growth period than the other plants in this 
experiment. For this reason the values for average 
root yields of the plants receiving a solution lack- 
ing in phosphorus are probably slightly smaller 
than they would otherwise have been. In three of 
the five experiments the fresh weight and dry 
weight yield from “phosphorus-deficient” plants 
actually exceeded that from plants in the complete 
solution. This suggests the possibility that the con- 
centration of phosphates in the complete solution, 
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even though relatively low, may have been slightly 
too high for the best development of the roots of 
this plant. 

The percentage rubber contents (table 2) for all 
of the kok-saghyz roots grown in these experiments 
are relatively low compared with many other re- 
ported values, and the range of values is also small. 
The probable explanation of this fact is that cer- 
tain climatic conditions, most likely temperature 
and light intensity, were not the most favorable 
during the course of these experiments for the syn- 
thesis and accumulation of rubber. Temperature 
(Bonner, 1943) and light intensity (Mitchell et al., 
1944) have been shown to have a signal influence 
on the accumulation of rubber in the guayule ( Par - 
thenium argentatum Gray), another species of rub- 
ber-bearing composite, and there are numerous in- 
dications that this is also true for kok-saghyz. From 
table 2 the average percentage rubber content ap- 
pears to be lower for the magnesium-deficient, ni- 
trogen-deficient, and potassium-deficient plants than 
for the calcium- or phosphorus-deficient plants or 
for those which were rooted in a complete solution. 
The same mineral element deficiencies which re- 
sulted in the greatest reduction in root yield appear, 
therefore, to have the greatest effect in reducing 
the percentage rubber content of the roots. How- 
ever, the statistical probability that even the great- 
est differences shown in average percentage rubber 
content from one treatment to the next are signifi- 
cant is small. These results regarding the effects of 
mineral elements upon the percentage rubber con- 
tent of kok-saghyz roots cannot be accepted as 
conclusive, therefore, but only as indicating pos- 
sible trends. 

The total yield of rubber in this plant depends 
both on the dry weight yield and percentage rubber 
content of the roots. The results of the present in- 
vestigation indicate that mineral salts almost cer- 
tainly influence the yield of rubber in kok-saghyz 
more through their effect on the gross yield of the 
roots than through effects on the synthesis of rubber. 

It is of interest to compare the results of this 
investigation with those of Bonner (1944) on the 
effects of mineral elements on growth and rubber 
accumulation in guayule. Both growth and rubber 
accumulation in guayule were retarded by deficien- 
cies of nitrogen and magnesium; this was clearly 
true for growth in kok-saghyz and is probably also 
true for rubber accumulation. The main differences 
between the two species appear to be that the phos- 
phorus requirement for normal development is 
somewhat greater in guayule than iri kok-saghyz, 
while the opposite is true of the potassium require- 
ment. 

An attempt was made to discover readily identi- 
fiable foliar symptoms of mineral element deficien- 
cies in kok-saghyz. Because of its rosette habit of 
growth, however, recognition of such deficiency 
symptoms is more difficult in this species than in 
many others. Differential development of chlorosis 
between younger and older leaves, which can often 


be recognized as a deficiency symptom in many 
other species, is not readily observable in kok- 
saghyz plants because the older, lower leaves of the 
rosette usually die off before any such effects be- 
come apparent. Specific symptoms of diagnostic 
value have been recognized only for nitrogen and 
calcium deficiencies. Nitrogen-deficiency symptoms 
become evident promptly after the supply of ni- 
trates to the roots is curtailed. The developing 
leaves fail to expand and fail to elongate fully, 
shortly become a grayish green in color, and often 
develop a reddish pigmentation along the midrib. 
Ultimately the leaves fade to a yellow color and die 
shortly thereafter. Subsequently other undersized 
leaves may develop from the crown of a nitrogen- 
deficient plant, which in tu,rn go through the same 
cycle. Calcium deficiency was evidenced in most, 
but not all, plants deficient in this element by a 
necrosis of the leaf tips of the younger leaves. Un- 
der the conditions of these experiments, at least, 
this symptom usually did not appear until rather 
late in the growth cycle. 

The only foliar symptom of a deficiency of any 
of the other three elements studied was a retrogres- 
sion in the size of the rosettes which often did not 
start until rather late ikt the growth cycle. This 
occurs as a result of the gradual dying off of the 
larger, older leaves, while each new cycle of de- 
veloping leaves elongates and expands less than the 
preceding one. Ultimately the rosette may entirely 
disappear. This retrogression in rosette size was 
shown by almost all of the nitrogen-, potassium-, 
and magnesium-deficient plants and by an occa- 
sional phosphorus- or calcium-deficient plant. Ob- 
viously such a growth reaction is not diagnostic for 
any particular element and in fact may be induced 
not only by mineral element deficiencies but also by 
unfavorable environmental conditions such as low 
light intensity or high temperature. 

No marked correlations were observed between 
floral initiation and mineral element deficiency in 
this species. Several flowers often developed on 
stunted, moribund nitrogen-deficient plants, for ex- 
ample, while lush, healthy plants receiving a com- 
plete solution remained flowerless. The proportion 
of plants flowering in any one experiment varied 
greatly with the season and in no experiment did 
all of the plants flower. Climatic conditions, espe- 
cially temperature, day length and probably light 
intensity, have much more influence on the initia- 
tion of flowers in this species than the proportions 
of mineral elements available. A far larger propor- 
tion of the plants (67 per cent) flowered in experi- 
ment 8 than in any of the others. This is in accord 
with the finding of Warmke (1944) that the peaks 
of flowering activity in this species occur in No- 
vember and April. In none of the present experi- 
ments were the plants beyond the young seedling 
stage in April, and experiment 3 was the only one 
carried through the month of November. Borthwick 
et al. (1943) concluded that a cool temperature and 
a long photoperiod are most favorable for early 
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blooming of the seedlings of kok-saghyz. The flow- 
ering behavior of the plants in the present investi- 
gation is consistent with this conclusion if the pre- 
dominant role is ascribed to cool temperature. 

SUMMARY 

An investigation was made of the effects of defi- 
ciencies of nitrogen, phosphorus, calcium, magne- 
sium, and potassium on the growth and rubber accu- 
mulation in Taraxacum kok-saghyz Rodin. Defi- 
ciency of nitrogen resulted in by far the smallest 
fresh or dry weight yield of roots of any of the 
treatments. Deficiency of either magnesium or po- 
tassium also resulted in appreciably smaller fresh 
and dry weight yields of roots as compared with 


the checks while deficiency of calcium or phos- 
phorus had relatively much less effect. There are 
indications that the same mineral element deficien- 
cies which have the most marked retarding effects 
on root development also have the greatest influence 
in reducing rubber accumulation in the roots, but 
the evidence on this point is not conclusive. Specific 
foliar symptoms were recognized only for nitrogen 
and calcium deficiencies. No marked correlations 
were found between floral initiation and mineral ele- 
ment deficiency. 

Botany Department, 

Ohio State University, 

Columbus, Ohio 
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INFLUENCE OF THE PROPORTIONS OF KH 2 P0 4 , MgS0 4 , AND NaNOs IN 
THE NUTRIENT SOLUTION ON THE PRODUCTION OF 
PENICILLIN IN SURFACE CULTURES 1 


Robertson Pratt 




The importance of penicillin has stimulated in- 
terest in studies of cultural conditions suited to in- 
crease its biosynthesis. Much effort has been di- 
rected toward study of organic substrata that may 
be utilized by species of Penicillium for synthesis 
of penicillin in different types of media but factors 
of inorganic nutrition seem to have received rela- 
tively scant attention, especially in surface cultures. 

Abraham et al. (1941) observed that maximum 
production of penicillin occurred when the pH of 
the fermentation medium was about 7,0. Later work 
suggested again the desirability of maintaining the 
pH of the culture below 7,5 because of the greater 
stability of penicillin in aqueous solutions in this 
range (Abraham and Chain, 1942). Subsequently, 

1 Received for publication April 16, 1945. 

Currently on leave from the University of California 
College of Pharmacy. 

_ Acknowledgment is made of the capable technical as- 
sistance in the laboratory of Elizabeth Arnold, Dorothy 
Leif, Iola Sernas, and Patricia Streator. 


attempts were made to maintain a favorable pH in 
the fermentation medium by use of appropriate 
phosphate buffers (Challinor and MacNaughton, 
1943) and improved production of penicillin, was 
reported when the proper combination of M/15 
KH 2 PO 4 and M/15 Na 2 HP 0 4 was incorporated 
in the medium. Dimond and Peltier (1945) re- 
ported that the pH of the nutrient solution may be 
maintained at a virtually constant level throughout 
the growth period of Penicillium notatum by selec- 
tion of the proper combination of carbohydrate and 
inorganic and organic sources of nitrogen. These 
investigations, however, were not concerned pri- 
marily with the relation between inorganic nutrients 
and penicillin production. 

The present study was undertaken to ascertain 
the influence, if any, of the proportions of the inor- 
ganic salts in the culture medium on the accumula- 
tion of penicillin in cultures of Penicillium notatum , 
When the work was begun, it was believed that this 
type of experimentation might prove fruitful be- 
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Table 1. Composition of the, solutions employed for studying the accumulation of penicillin in surface cultures of 
Penkillmm notatum. The initial total molarity of the three salts was 0.04 ki each solution. The molecular pro- 
portions are expressed as percentages of this value. The numbers of the solutions correspond to the numbers 
within the triangle in figure 1 . 


Solution 

number 

Molecular proportions’ 1 

KH 2 P0 4 MgS0 4 NaN0 3 

Solution 

number 

Molecular proportions 4 

KH 2 P0 4 MgS0 4 NaNG 3 

1 

96.0 

2.0 

2.0 

34 

20.0 

10.0 

70.0 

0 

90.0 

5.0 

5.0 

35 

20.0 

20.0 

60.0 

3 

80.0 

2.5 

17.5 

36 

20.0 

30.0 

50.0 

4 

80.0 

10.0 

10.0 

37 

20.0 

40.0 

40.0 

■ 5 ■ 

80.0 

17.5 

2.5 

38 

20.0 

50.0 

30.0 

6 

67.5 

5.0 

27.5 

39 

20.0 

60.0 

20.0 

7 

70.0 

10.0 

20.0 

40 

20.0 

70.0 

10.0 

8 

70.0 

20.0 

10.0 

41 

20.0 

77.5 

2.5 

9 

67.5 

27.5 

5.0 

42 

9.0 

2.5 

88.5 

10 

60.0 

2.5 

37.5 

43 

10.0 

10.0 

80.0 

11 

60.0 

20.0 

20.0 

44 

7.5 

22.5 

70.0 

12 

60.0 

37.5 

2.5 

45 

10.0 

30.0 

60.0 

13 

55.0 

10.0 

35.0 

46 

7.5 

35.0 

57.5 

14 

55.0 

35.0 

10.0 

47 

10.0 

40.0 

50.0 

15 

50.0 

20.0 

30.0 

48 

7.5 

47.5 

45.0 

16 

50.0 

30.0 

20.0 

49 

10.0 

50.0 

40.0 

17 

47.5 

5.0 

47.5 

50 

7.5 

60.0 

32.5 

18 

47.5 

47.5 

5.0 

51 

10.0 

70.0 

20.0 

19 

40.0 

2.5 

57.5 

52 

10.0 

80.0 

10.0 

20 

40.0 

10.0 

50.0 

53 

2.0 

2.0 

96.0 

21 

40.0 

20.0 

40.0 

54 

5.0 

5.0 

90.0 

22 

40.0 

30.0 

30.0 

55 

2.5 

12.5 

85.0 

23 

40.0 

40.0 

20.0 

56 

2.5 

20.0 

77,5 

24 

40.0 

50.0 

10,0 

57 

2.5 

32.5 

65.0 

25 

40.0 

57.5 

2.5 

58 

2.5 

45.0 

52.5 

20 

35.0 

2.5 

62.5 

59 

1.0 

55.0 

44.0 

27 

30.0 

10.0 

60.0 

60 

2.5 

57.5 

40.0 

28 

30.0 

20.0 

50.0 

61 

2.5 

70.0 

27.5 

29 

30.0 

30.0 

40.0 

62 

5.0 

77.5 

17.5 

30 

30.0 

40.0 

30.0 

63 

2.5 

87.5 

10.0 

31 

30.0 

50.0 

20.0 

64 

5.0 

90.0 

5.0 

32 

30.0 

60.0 

10.0 

65 

2.0 

96.0 

2.0 

33 

20.0 

2.5 

77.5 






a Each solution contained in addition to the three salts shown 0.111 M. lactose, 0.00015 M. ZnS0 4 ’7H 2 0, 0.00183 M. 
Phenyl acetic acid, and coni steep liquor solids 40 gm. per liter. 


cause examination of the formula of the then cur- 
rently employed culture solution indicated enormous 
disparity of certain ions in proportion to others 
when compared with solutions that have been found 
to be optimum for the biochemical activities of other 
plants. 

It should be emphasized that the results pre- 
sented below are not offered as a categorical or 
definitive answer to the problem that was investi- 
gated. They are the outcome of a piece of indus- 
trial research designed to answer a question that 
was critically important when the work was per- 
formed- — i.e., what can be done now to increase pro- 
duction with present materials and with present 
sources of supply. Use of corn steep liquor from 
other companies or other slight modifications in the 
fermentation liquor might have altered the results. 2 
Presentation of the present data is considered im- 
portant, however, because they illustrate the influ- 

2 Different lots of steep liquor from the Clinton Com- 
pany all yielded similar results. 


ence that quantitative variations in the inorganic 
composition of a fermentation medium may exert 
on mold metabolism and they may, therefore, be 
useful to academic workers engaged in fundamental 
investigations. 

Qualitatively, all the solutions used in the ex- 
periments were similar. Quantitatively, the solu- 
tions differed in the proportions of the three salts. 
KH 2 P0 4 , MgS0 4 *7H 2 Q, and NaNOg. 

Materials and methods. — Penwillium notatum, 
strain 1249.B4 3 was used throughout the experi- 
ments. Mushroom spawn bottles (46 ounce) plugged 
lightly with gauze and cotton and laid on their sides 
were used as culture vessels. Initially, each culture 
contained 270 ml. of culture medium, the maximum 
depth of which was 2.5 cm. The surface/volume 
ratio was approximately 0.615. The nutrient solu- 
tion contained lactose, 0.111 M. (40 gm./L.) ; corn 
steep liquor solids (Clinton Co,), 40 gm./L. ; 

3 This strain is a variant of Penwillium notatum, NKItL 
strain 1249.B21. 
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Table 2 . Relative potency on successive days in media with different proportions of KHfPO 4., Mg SO 4, and NaNO§. 


Solution Relative potency on day Solution 

number 4 5 6 7 number 


Relative potency on day 
4 5 6 7 


1 

0.81 

0.88 

1.09 

0.92 

34 

0.81 

0.96 

1.10 

0.92 

2 

>1.00 

0.74 

1.01 

1.08 

35 

0.76 

1.03 

1.16 

1.08 

3 

1.08 

1.16 

© 

QO 

Ui 

0.67 

36 

0.52 

1.03 

0.90 

0,87 

4 

0.67 

0.74 

1.12 

1.14 

37 

0.78 

1.10 

0.91 

1.25 

5 

0.94 

1.63 

0.80 

0.76 

38 

1.14 

1.07 

0.93 

0.91 

6 

0.86 

1.14 

1.04 

0.79 

39 

0.77 

1.21 

1.20 

1.05 

7 

1.36 

1.23 

1.13 

0.90 

40 

0.64 

1.25 

1.00 

1.64 

8 

1.19 

1.10 

1.10 

0.98 

41 

0.86 

1.22 

0.80 

0.62 

9 

1.02 

1.02 

0.88 

1.14 

42 a 

1.00 

1.00 

1.00 

1.00 

10 

0.99 

1,34 

0.99 

0.72 

43 

>1.00 

1.03 

1.24 

1.34 

11 

0.67 

0.98 

1.11 

1.04 

44 

1.09 

0.93 

1.15 

0.94 

12 

0.72 

0.97 

0.67 

0.62 

45 

1.12 

0.93 

1.02 

0.76 

13 

0.69 

1.33 

1.05 

0.84 

46 

1.05 

1.06 

1.13 

0.86 

14 

0.39 

0.34 

0.21 

0.16 

47 

0.95 

1.04 

0.93 

0.80 

15 

0.64 


1.21 

0.95 

48 

0.72 

1.01 

1.11 

0.91 

16 

0.76 

1.05 

1.09 

0.78 

49 

0.81 

0.94 

0.92 

0.93 

17 

1.12 

1.56 

1.54 

1.29 

50 

0.88 

0.94 

0.96 

0.73 

18 

0.95 

1.14 

1.02 

0.74 

51 

0.59 

0.91 

0.86 

0.74 

10 

0.80 

1.09 

1.04 

0.87 

52 

0.87 

0.97 

0.91 

1.18 

20 

1.14 

1.27 

1.31 

1.12 

53 

0.83 

1.07 

1.37 

1.14 

21 

0.69 

1.18 

0.98 

1.17 

54 

1.00 

1.00 

1.00 

1.00 

22 

0.83 

1.05 

0.88 

1.24 

55 

0.95 

1.27 

1.31 

0.99 

23 

0.89 

0.99 

0.97 

1.08 

56 

0.87 

1.52 

0.96 

0.97 

24 

1.00 

1.14 

0.91 

0.82 

57 

1.12 

1.00 

0.96 

0.84 

25 

0.83 

1.04 

0.82 

0.65 

58 

1.09 

1.20 

1.11 

1.10 

26 

1.10 

1.08 

1.01 

0.98 

59 

0.79 

1.07 

1.01 

0.95 

27 

1.12 

1.57 

0.99 

0.91 

60 

1.05 

0.96 

0.90 

0.86 

28 

0.64 

1.13 

1.15 

0.74 

61 

0.91 

1.15 

0.81 

0.81 

20 

0.96 

1.33 

0.95 

0.94 

62 

0.69 

0.86 

0.84 

0.71 

30 

1.17 

0.94 

1.34 

0.80 

63 

0.88 

0.96 

0.96 

0.74 

31 

1.17 

1.24 

1.25 

0.72 

64 

1.09 

1.12 

0.99 

0.85 

32 

0.78 

1.12 

0.99 

0.83 

65 

1.06 

1.07 

1.16 

0.89 

33 

1.10 

1.06 

1.22 

1.13 







(No. 42) from the second through the eighth day were, respectively, 


a The absolute values in the standard solution 
8, 26, 50, 82, 103, 124 and 130 units per ml. 

ZnS0 4 *7H 2 0, 0.00015 M. (0.044 gm./L.); C 6 H 5 - 
CH 2 COOH, 0.00183 M. (0.25 gm./L.) ; KH 2 P0 4 ; 
MgS0 4 *7H20; and NaNOg. The combined con- 
centration of the latter three salts was 0.04 M. in 
all solutions, but the proportions of the three were 
varied over wide ranges. This concentration was 
chosen because it conformed to that of the solution 
already in use in numerous laboratories. The solu- 
tions were adjusted to pH 5. 2-5. 3 by addition of 
10 N. NaOH before autoclaving. They were auto- 
claved for 20 minutes at 15 pounds pressure and 
118°C. The pH after autoclaving was 5. 0-5.1. 

Cultures were inoculated by a “dry ■spore” tech- 
nique in which five-day old sporulating cultures of 
the mold on bran are broken up into a coarse pow- 
der which is then insufflated into the culture bottles 
by means of a flock gun under 30 pounds pressure 
of sterile compressed air. The chief advantage of 
this method is that nearly all of the spores float on 
the surface of the solutions and, germinating rapid- 
ly, give rise to early, luxuriant mycelial growth uni- 
formly distributed over the surface of the culture. 
It is impossible with this method to control the size 
of the inoculum as precisely as when liquid spore 


suspensions are used but, since a large excess of 
spores was inoculated into each culture, this factor 
was considered to be inconsequential. 

Bottles were stacked in an incubator room ther- 
mostatically controlled at 23.5° ± 1°C. Triplicate 
cultures were inoculated and were sampled daily 
from the second through the seventh days by with- 
drawing approximately 0.5 ml. liquor from each 
culture. The samples were pooled and were assayed 
daily in quadruplicate by the standard cylinder 
plate method employing Staph . aureus, NRRL 
strain No. 313 as the test organism. Potencies are 
expressed in Oxford units. 

Table 1 shows the molecular proportions of each 
of the three principal salts in each of the sixty-five 
solutions that were tested. Figure 1 shows graphi- 
cally the molecular composition of the sixty-five so- 
lutions, each number within the triangle correspond- 
ing to a different culture. Reference to this figure 
facilitates locating the different cultures in the sub- 
sequent diagrams. 

Results of experiments. — Influence of relative 
concentrations of salts on penicillin production when 
total concentration of salts remains constant,— The 
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the different solutions tested. The total molar concentra- 
tion of the three principal salts in each solution = 0.04. 
Thus each apex of the triangle represents a concentra- 
tion of 0.04 M. of the particular salt. Reference to this 
figure facilitates locating the different cultures in fig- 
ures 2 to 5. Each number within the triangle corresponds 
to a different culture. 

results of these experiments show that pronounced 
differences in the synthesis and/or accumulation of 
penicillin in surface cultures may be occasioned 
merely by changing the proportions of inorganic 
nutrients furnished in the culture solution. 


The potency in the cultures on solution No. 42 on 
each day was equated to one, and the relative 
potency in each of the other cultures was calculated 
on this basis. 4 The relative potencies from days four 
to seven are presented in table 2 and are shown 
diagramatically in figures 2 to 5. 

The numbers within the triangles in figures 2 to 5 
represent the relative concentrations of penicillin 
in the different cultures, expressed as decimal frac- 
tions of that in the standard solution. The short 
dashes on the sides of the different triangles mark 
off ten per cent intervals. Each diagram has been 
divided arbitrarily into three zones, depending upon 
the concentration of penicillin accumulated in the 
several cultures at the time of assay. All solutions 
in which the relative penicillin concentration was 
between 0.9 and 1.1 are classed together. These are 
considered “average/' Those solutions which were 
definitely inferior to the standard (relative concen- 
tration 0.89 or less) are grouped together and those 
that seemed definitely superior to the standard 
(relative concentration 1.11 or greater) have been 
placed in another group. These different areas are 
cross hatched in different ways to distinguish one 
from the other and to facilitate tracing the zones 
through the several diagrams. 

The present data are not offered as an infallible 
picture of penicillin formation and/or accumulation 

4 Solution No. 42 was chosen as the standard because 
this was the formula that was used routinely in many 
laboratories. 


Table 3. Solutions that excel the standard solution by eleven per cent or more in production of 
penicillin for one or more days during the fermentation cycle. 


Solution 

number 

Day on which higher 
yield obtained 

Molecular proportions 
KH 2 P0 4 MgS0 4 NaNO a 

17 

4th to 7th 

47.5 

5.0 

47.5 

20 

4th to 7th 

40.0 

10.0 

50.0 

21 

5th to 7th 

40.0 

20.0 

40.0 

31 

4th to 6th 

30.0 

50.0 

20.0 

15 

5th and 6th 

50.0 

20.0 

30.0 

29 

5th and 6th 

30.0 

30.0 

40.0 

39 

5th and 6th 

20.0 

60.0 

20.0 

11 

6th and 7th 

60.0 

20.0 

20.0 

22 

6th and 7th 

40.0 

30.0 

30.0 

28 

6th and 7th 

30.0 

20.0 

50.0 

37 

6th and 7th 

20.0 

40.0 

40.0 

7 

4th only 

70.0 

10.0 

20.0 

27 

4th only 

30.0 

10.0 

60,0 

38 

4th only 

20.0 

77.5 

2.5 

45 

4th only 

10.0 

30.0 

60.0 

57 

4th only 

2.5 

32.5 

5.0 

5 

5th only 

80.0 

17.5 

■ 9.5 

10 

5th only 

60.0 

2,5 

37.5 

13 

5th only 

55.0 

10.0 

35.0 

40 

5th only 

20.0 

70.0 

10.0 

41 

5th only 

20.0 

77.5 

■ ' ■ 2,5 

35 

6th only 


20.0 

60.0 

44 

6th only 

7.5 

22.5 

70.0 

4 

7th only 

80.0 

10.0 

10.0 

9 

7th only 

67.5 

27.5 

5.0 

30 

4th and 6th 

30.0 

40.0 

30.0 

8 

4th and 7th 

70.0 

20.0 

10.0 
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under the conditions of the experiment, hut they o 
serve to illustrate certain relations that exist be- 
tween the inorganic composition of the medium and 
the accumulation of penicillin therein. 

Although production of penicillin is of immediate 
practical importance, the chief permanent value ot 
the influence noted here on penicillin accumulation 
mav reside in the possible significance ot these 
studies for fundamental research on metabolism ot 
molds and perhaps of other organisms. 

The diagrammatic presentation ot the data is 
somewhat subjective, since the contour lines were 
located merely by inspection. More objective meth- 
ods could have been used to determine the positions 
of the boundaries between the zones, but since ex- 
periments of this kind are subject to rather large 
experimental errors, it seemed that further refine- 
ment of the graphical representation was not war- 
ranted by the experimental data. . 

Although the true picture may differ slightly 
from the graphic representation, the diagrams are 

KH-jPQ. 


useful for showing trends that are not so readily 
apparent from examination of the data in tabular 

form. ■ , 

Attention should be focused on the clear zones, 

since these are the zones of distinctly superior solu- 
tions. The general contours and the areas of these 
zones changed from day to day, probably reflecting 
changing metabolic requirements and activity of 
the mold at different stages of development. 

Considering the yields of penicillin in the cul- 
tures from the fourth through the seventh day of 
fermentation as a criterion, twenty-seven of the 
solutions that were tested excelled the standard by 
more than ten per cent on one or more of these days. 
In only three of these did KH 2 P0 4 comprise less 
than twenty per cent of the total salt concentration 5 
in only two of them was the concentration of 
MgS0 4 -VH 2 0 less than ten per cent of the total 
salt concentration, and in none of them did NaNOg 
account for more than seventy per cent of the total 
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Fig, 2-5. Diagrammatic representation of the relative potency after 4 (upper fln^es Represent the 

and 7 days (lower right), respectively, in the solutions studied. The numbers within the 
potency in the different cultures, expressed as decimal fractions of that in the standard solution (No. ) 
time. The short dashes on the sides of the different triangles mark off ten per cent intervals. 


Oct., 1945] 


PRATT PENICILLIN PRODUCTION 


salt concentration. These facts are set forth in 
table 8 and are shown graphically in figure 6 (lower 
part). These figures differ markedly from the for- 
mula that was recommended previously in which the 
relative concentrations of KH 2 P0 4 , MgSO^KUO 
and NaNOg were 0.09, 0.025, and 0.885, respec- 
tively. 

Twelve of the combinations of salts shown in 
table 8 yielded 100 or more units of penicillin per 
ml. of crude liquor on the fifth day of fermentation. 
The compositions of these solutions are summarized 
in table 4 and are treated graphically in figure 6 
(upper part). 

There are two prominent features of these solu- 
tions. In none of them did KH 2 P0 4 comprise less 
than twenty per cent nor NaN (>3 comprise more 
than fifty per cent of the total salt concentration. 
Thus, these values may be set as approximate limits 
required for maximum synthesis and/or accumula- 
tion of penicillin in this kind of medium. The pro- 
portion of MgS0 4 *7H 2 0 in the solution, although 
important, appears to be less critical, since high- 
yielding solutions were found over a wider range 
of relative concentrations of this salt than of the 
other two (fig. 6). 

A comparison is shown in figure 7 of the course 
of increase in potency in the former standard solu- 
tion (No. 42) and in solution No. 17. It is clear 
that the superiority of the improved solution lies in 
its ability to accelerate production of penicillin dur- 
ing the first phase of fermentation. During the sec- 
ond phase the curves are nearly identical in slope, 
indicating that the factors operating to govern the 
increase in potency during this period are essen- 
tially the same in the two solutions. 

The curves that are shown are typical for peni- 
cillin accumulation. There seem to be two distinct 
phases in the fermentation cycle. The curve for the 
first phase, lasting from the second to the fifth day, 
is characterized by a relatively steep slope. During 
the second phase which lasts from the fifth through 
the seventh day the potency increases much more 
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Fig. 6. {Upper portion) Histograms to show the num- 
ber of solutions with each percentage of the different 
salts that were used that yielded potencies of 100 or more 
units on day 5. ( Lower portion) Histograms to show the 
number of solutions with each percentage of the different 
salts that were used in which the potency excelled that in 
the standard solution (No. 42) by eleven per cent or more 
on days 4, 5, 6 , and 7 or any one of them. 

slowly. It is not known whether this is because syn- 
thesis by the mold is decreased during this period 


Table 4. Solutions that yielded 100 units or more penicillin on the fifth day of fermentation. 


Solution 

number 

Units/ml. 
on day 5 

Molecular proportions 
KH 2 P0 4 MgS0 4 NaNO s 

Millimoles/L. a 

Mg++ 

PO ~4 SO 4 NO " 3 

5 

134 

80.0 

17.5 

2.5 

32 

7 

1 

10 

110 

60.0 

2.5 

37.5 

24 

1 

15 

IS 

109 

55.0 

10.0 

35.0 

22 

4 

14 

15 

100 

50.0 

20,0 

30.0 

20 

4.8 

12 

17 

128 

47,5 

5.0 

47.5 

19 

2 

19 

20 

104 

40.0 

10.0 

50.0 

16 

4 

20 

21 

99 

40,0 

20.0 

40.0 

16 

8 

16 

29 

109 

30.0 

30.0 

40,0 

12 

12 

16 

31 

102 

30.0 

50.0 

20.0 

12 

20 

8 

39 

100 

20.0 

60.0 

20.0 

8 

24 

8 

40 

102 

20.0 

70.0 

10.0 

8 

28 

4 

41 

100 

20,0 

77.5 

2.5 

8 

31 

1 


a The com steep liquor increased these values approximately as follows: PC £ 4 , 1.1; SO 4 , 17; 
Mg++, 29; NO'jj, 5,1, 
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Table 5. Accumulation of penicillin in solution No. 17 prepared in different total salt concen- 
trations. 






No. of days between 

Fr. wt. 





5th and 10th that 

(gms.) 


Units/ml. 

Max. 

Day of 

potency exceeded 

mold on 

Total salt eonc. 

on day 7 

units/ml. 

max. 

lOOu/ml. 

day 11 

0.0010 M. 

90 

Ill 

9 

2 

57.0 

0.0020 M. 

100 

112 

8 

2 

58.2 

0.0040 M. 

112 

116 

8 

3 

55.7 

0.0050 M. 

113 

136 

8 

2 

. 55.7 

0.0066 M. 

108 

126 

8 

2 

57.6 

0.0100 M. 

112 

133 

8 

3 

59.0 

0.0200 M. 

117 

117 

7 

3 

55.7 

0.0400 M. 

123 

123 

7 . 

3 

53.0 

0.0800 M. 

136 

136 

7 

6 

63.0 

0.1200 M. 

140 

140 

7 

5 

61.3 

0.1600 M. 

132 

146 

8 

4 

60.0 

0.2000 M. 

124 

146 

8 

4 

52.0 

0.3000 M. 

no 

125 

8 

4 


0.4000 M. 

52 

91 

9 

0 


0.6000 M. 

12 

49 

13 

0 



or whether the retarded rate of increase is due to 
the onset about the fifth day of the destructive 
forces that cause deterioration of the penicillin 
already accumulated in the medium. 

Influence of the total concentration of salts on 
penicillin production when relative concentrations 
of the salts remain constant. — All of the experiments 
described in the foregoing section were carried out 
at a total salt concentration of 0.04 M . 5 This con- 
centration was chosen because it corresponded to 
that of the solution that was currently in use when 
the experiments were begun. 

It seemed of interest to determine whether the 
production of penicillin could be increased further 
by alteration of the total salt concentration. Ac- 
cordingly, a series of experiments was set up in 
which only the total concentration of the salts was 
varied, the relative concentrations remaining con- 
stant. Since solution No. 17 furnished the highest 
yields in the earlier experiments, it was selected 
for this investigation. Phenylaeetic acid was omitted 
from the medium, however. Thus, the maximum 
potencies attained were lower than in the earlier 
experiments. The results, presented in figure 8 and 
table 5, show that gains of ten to fifteen per cent 
in the yield on the seventh day were obtained when 
the total salt concentration was raised from 0.04 
M. to 0.08 or 0.12 M. 

The critical importance of PO= 4 for penicillin 
production, which has become increasingly appar- 
ent throughout the course of these experiments and 
more especially in others concerned exclusively with 
synthetic media that will be reported later, is mani- 
fest in these data. Abundant evidence has been ac- 
cumulated in the experiments on synthetic media 
that increasing the PO= 4 level in the fermentation 

5 This is neglecting the ZnS0 4 -7H 2 0 which was present 
in all solutions in a concentration of 0.00015 M., and the 
salts contributed by the corn steep liquor. 


medium, within certain limits, prolongs the time 
during which maximum potency obtains therein. 
The data in table 5 (column 5) are interesting in 
this connection. In the standard culture solution 
(0.04 M.) the potency generally builds up compara- 
tively rapidly until the fifth day of fermentation 
and then increases slowly for the next two days 
(see fig. 7) after which it drops abruptly, usually 
to less than 100 units/ml. by the eighth day, when 
phenylaeetic acid is omitted from the medium. Thus 
the assays usually read over 100 units/ml. for two 



Fig. 7. Course of increase in potency in former standard 
solution (No. 42) and in best solution (No. 17). 
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Fig. 8. Potency on day 7 as a function of total molar 
concentration (KH 2 P0 4 , MgS0 4 -7H 2 0, and NaNOg) in 
solutions with the following proportional composition: 
KH 2 PQ 4 , 0.475; MgS0 4 7H 2 0, 0.05; NaN0 3 , 0.475. 

or three days only. When the total concentration 
(and hence PO= 4 concentration) was doubled, how- 
ever, the maximum potency was maintained for 
three days and the assays read over 100 u/ml. from 
the fifth through the tenth days. Likewise, in all 
of the more concentrated solutions that were suit- 
able for production of penicillin the potency re- 
mained relatively high for at least four days. 

It is not clear at present whether this was due 
to greater stability of the penicillin that was pro- 
duced or to a prolonged period of production which 
continued actively even after deterioration of the 
already formed penicillin had become appreciable. 
This question is now under investigation. This re- 
sult was not brought about by greater buffering due 
to increased concentration of KH 2 TO 4 and hence 
maintenance of a more favorable pH, since the pH 
values were essentially the same in all cultures dur- 
ing this period. 

The complete series of experiments reported in 
this paper has been duplicated in submerged cul- 
tures with several strains of PenicilUum chrysoge - 
num. Variations in yield that were brought about by 
changes in the inorganic composition of the medium 


were of the same order of magnitude as those re- 
ported above. The optimum relative concentrations 
of salts were different, however. Data from experi- 
ments with submerged cultures have not yet been 
passed for publication. 

SUMMARY 

A study was made of the accumulation of peni- 
cillin in cultures of PenicilUum notatum grown in 
sixty-five different nutrient solutions containing 
KH 2 P0 4 , MgS0 4 *7H 2 0, and NaNO s in different 
proportions but all with a total molar concentration 
(of these three salts) of 0.04 M. The solutions con- 
tained in addition lactose, corn steep liquor, zinc 
sulphate and phenylacetic acid. The results empha- 
size the importance of obtaining a proper balance 
among the concentrations of PO= 4 , Mg ++ , S0 4 = , and 
N0 3 " in the solutions if maximum yields of penicil- 
lin are desired. For a given level of PO H 4 , as the 
concentration of Mg ++ and S0 4 = was raised, it was 
necessary to lower the concentration of NO3". The 
best solutions, from the standpoint of penicillin pro- 
duction, contained not less than 8 millimoles 
KH 2 P0 4 per liter and not more than 20 millimoles 
NaNOs per liter. The absolute concentrations in 
the optimum solution in this series were KH 2 P0 4 , 
0.019 M.; MgS0 4 -7H 2 0, 0.002 M.; and NaN0 3 , 
0.019 M. The proportions of the three salts in the 
optimum solution were KH 2 P0 4 , 0,475; MgSG 4 * 
7H 2 0, 0.05; and NaNQ 3 , 0.475. 

In a series of solutions with these relative con- 
centrations for the three salts, maximum potency 
on the seventh day was obtained at a total concen- 
tration of 0.12 M. 

Cutter Laboratories, 

Berkeley, California 
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HABIT OF GROWTH OF RUBUS ROSAEFOLIUS SMITH IN HAWAII 1 

Charles J. Engard 


Rubus rosaefolius Smith is a plant of wide dis- 
tribution in the tropics and has become established 
in more temperate climates. Rydberg (1913) states 
that the species is “native of southern and eastern 
Asia,” and that the type locality is the “ ‘Island of 
Mauritius/ ” although it was introduced there from 
the Malay Isles. 

There is contradiction in the literature as regards 
the duration of life of the canes. Focke (1911, p. 
149) places the species under “Caules annui” in his 
key to the section Rosaefolii. Rydberg (1913, p. 
441) begins his description of the species with 
“stems perennial, erect. . , Bailey (1923, p. 149) 
describes the plant as “a vigorous evergreen spe- 
cies . , . ./’ and again (1925, p. 3028) as “erect and 
tall-growing, evergreen in warm countries. ...” No 
reference is made to the duration of the canes. The 
keys included in these publications do not use the 
annual or perennial nature of the canes in the iden- 
tification of the species. In his manual, however, 
Bailey (1924) separates R. rosaefolius from R. 
illecebrosus on the basis of the biennial or perennial 
canes of the former and the annual canes of the 
latter species. 

Dr. H. St. John of the Botany Department, Uni- 
versity of Hawaii, called my attention to this tax- 
onomic discrepancy when I inquired into the growth 
habit of R. rosaefolius . The following is a report of 
the investigation that resulted. 

Investigation. — Rubus rosaefolius , known local- 
ly as thimbleberry, is now abundant in Hawaii, 
especially at altitudes above 300 meters. It spreads 
rapidly by seeds and by horizontal roots. In out- 
ward appearance the colony is evergreen, but closer 
inspection reveals a mat of prostrate, dead and 
dying canes, effectively hidden from casual sight 
by the ascending 2 vegetative and fruiting canes. 
Flowers and fruits are produced throughout the 
year, but more abundantly during the spring and 
summer months. Flowers, and later the fruits, are 
produced on a stem inbasipetal succession (table 1). 

On October 10, 1943, eight vigorous canes were 
labeled with paraffined, metal-rimmed tags on Mt. 
Tantalus, Oahu, These plants were not checked 
again until March 9, 1944. Growth had been unex- 
pectedly rapid (although it appears that the plants 
grow least rapidly in the winter months), and a 
few of the labels could not be found. Some labels 
had rotted owing to the fact that heavy rainfall is 
characteristic of the locality. Since it appeared that 
the life of canes was of short duration, a closer 
series of observations was instituted. Those tagged 
plants that could be found, and some new ones, 
making a total of fourteen, were labelled by tying 
strong cords, identified by knots, on the chosen, 

1 Received for publication April 1 2, 1945. 

a The terms ascending, arched^ and prostrate are used 
in accordance with those of Bailey (1933). 


ascending canes. The ends of the cords were brought 
together at a convenient spot and the plants were 
easily found at subsequent periods of observation. 
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Fig. 1 and 2. Diagrammatic series depicting growth of 
canes of Rubus rosaefolius Smith during one year. Dotted 
lines represent dead canes or portions of canes; solid 
lines represent living canes. Canes with short branches 
represent fruiting or flowering. Succession of cane growth 
is indicated by letters. The date is indicated under each 
diagram. — Fig. 1 (above). Cane No. 1 in table 1. — Fig. 2 
(below). Cane No. 4. 


Data for two of these are recorded in table 1. 
Their growth habits are shown schematically in 
figures 1 and 2. It is apparent that four or five 
canes become the ascending fruiting portion of the 
plant during a given year. Each cane has a duration 
of life of from one to two months. Death of the cane 
is basipetal. Frequently an axillary bud low on the 
fruiting cane will produce a vegetative branch. This 
becomes ascending while the parent cane becomes 
arched (fig. 1 and 3). It produces flowers and fruits 
at about the time that the parent cane becomes 
prostrate. Another vegetative cane may develop on 
the second, now fruiting vertical cane, and the pre- 
viously described history is repeated; or, frequent- 
ly, a new vegetative shoot develops from the base of 
the original now prostrate, cane. This point of ori- 
gin is the crown, the thickened persistent base of a 
stem. 
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Table 1 . Growth data on two plants . 



Plant No. 1 (fig. 1) 

Plant No. 4. (fig. 2) 

Oct. <21, 1943 

A, prostrate cane 90 cm. in length, dead to 30 
cm. from basal end, where vegetative shoot B 
takes origin. 

Cane A is vegetative, 30 cm. in height. 

Mar. 9, 1944 

A, cane nearly buried, rotting; B now pros- 
trate, dead. At base of cane A is vegetative 
cane C, 100 cm. in height. 

A is leafless, prostrate, with short, fruit-hearing 
branches. Terminal fruits dropped. At base of 
A is B, a vegetative, ascending cane 90 cm, in 
height. 

Apr. 16 

C is arched, bears fruit on many short branches. 
Young, vegetative cane D originates from 
base of C. 

Cane A is dead 30 cm. from tip; has 3 short chlo- 
rotic branches. B is arched, has short flowering 
branches. At base of B is vegetative cane C, 30 
cm. in height. 

May 21 

C is nearly prostrate, with 15 cm. of tip dead. 
Cane D, 60 cm. in height, is vegetative. 

Cane B reclining, C is 70 cm. in height, in fruit 
(at top), and flower. Cane A dead to 15 cm. 
from basal end. 

June 21 

D is 90 cm. in height. Canes A, B, C are 
prostrate, dead. 

Cane B has many short, fruiting branches, ter- 
minal fruits oldest, progressively younger fruits 
toward base. Cane C, 90 cm. in height, bears fruit. 

Aug. 18 

D arched, bears fruit on short, upper branches, 
flowers on lower. Lowermost branch, E, 30 
cm. above base of D, is ascending, ft vegeta- 
tive, 30 cm. in height. 

B is prostrate, dead to 15 cm. from base. Cane A 
is rotting. C is arched, has 15 cm. of tip dead. 

Oct. 15 

D is arched, hears fruit on lower branches, and 
has 30 cm. of tip dead. Cane E is 90 cm. in 
height, bears fruit. 

All canes dead. No visible new canes from base. 



a Ascending is represented by vertical lines in diagrams. 


Figure 3 is a photograph of a plant which shows 
the growth habit of this species. The labelling and 
the legend indicate the sequence of development of 
the canes. 

Discussion. — Because terminology of the vege- 
tive structure in Ruhus was confused and inexact, 
Bailey (1932, p. 279) introduced the terms primo - 
cane for the cane in its first year, and floricane for 
the same cane in its second year. Later Bailey 
(1941) added the terms parcifrond to usually ster- 
ile, long leafy shoots on a floricane below the ordi- 
nary floral branches and novirame to a “flowering 
or fruiting axis or shoot on a primocane.” The 
terms caudex and crown have been used in refer- 
ence to the Rubi, the former term by Focke (1911) 
and the latter by Bailey (1941, p. 11). Caudex is 
defined by Jackson (1928) as “the axis of a plant, 
consisting of stem and root” and by Gray (1887) 
as “an upright or short rootstock.” Crown is de- 
fined by Jackson (1928) as “the point where root 
and shoot meet.” 

The data and figures indicate (1) that a portion 
of a cane remains alive for a major part of the year 
in some plants, and the ascending fruiting canes are 
elongate branches derived from axillary buds low 
on the arched or prostrate foregoing canes as in 
figure 1, canes B, E ; figure 2, C; figure 8, D; (2) 


Fig. 8. Photograph of a plant of R* rosaefolms Smith, 
showing succession of canes (A to G). Cane G is vege- 
tative. All others have fruited and canes A to E are dead. 
Cane A, the first one, has rotted away through almost 
its entire length. Horizontal root R leads to new stem 
about 70 cm. from parent plant. 
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other ascending fruiting canes are derived from a 
common base at ground level, such as canes C and 
I) in figure 1, B in figure 2, and A, B, C, E, F, and 
G in figure 8 f (8) some canes are vegetative for a 
period, then produce fruit, and finally give rise to 
low axillary shoots which are in turn vegetative, 
and fruiting. 

The terms caudex and rootstock are too broadly 
defined to apply to this species. Crown, however, is 
useful, for it expresses precisely what is referred 
to in describing cane development in Rubus. The 
terms primocane, and floricane defined in respect to 
the annual and biennial canes of the Rubi of the 
temperate zone, are not applicable to R. rosaefolius 
in Hawaii. To attempt to modify these terms which 
refer precisely to growth of canes with two distinct 
morphological stages separated by a dormant pe- 
riod, would be to lessen their value. Because growth 
of R. rosaefolius is characterized by the frequent 
production of new canes at, or near, the base of old 
prostrate ones, a new term is suggested. The cane 
thus produced is a paucirame (paucus- few, ra- 
mus-brunch ) — a branch of short duration, passing 
through vegetative, flowering, and fruiting stages in 
a space of a few months. It then dies back from the 
tip, but the base later produces a lateral ascending 
branch which continues the growth of the plant. 

The plant is perennial, and propagates vegeta- 

3 The plant in figure 3 was unusually prominent in 
respect to this characteristic; the method of growth men- 
tioned in (1) is more dominant. 


tively by long horizontal roots such as the one shown 
at R, figure 3. Microscopic examination of a section 
taken from a point opposite the letter A on the photo- 
graph proved that it was a root and not a rhizome. 4 
The canes are of only a few months’ duration. 

SUMMARY 

The habit of growth of 14 plants of Rubus rosae- 
folius Smith in Hawaii was studied. The plant is 
perennial, and produces four or five canes during a 
given year. These canes take origin from a node near 
the basal end of a previously fruiting cane or from 
the crown at ground level. Each cane passes through, 
first, a vegetative stage and then a fruiting stage, the 
sequence being of only a few months’ duration. 
Flowering, fruiting, and death of each cane are basi- 
petal. 

Terminology as applied to the Rubi is discussed. 
The terms primocane and floricane, originally ap- 
plied to the biennial temperate zone Rubi, are found 
unsuitable for use in reference to R. rosaefolius in 
Hawaii. The term paucirame, a branch of few 
months' duration, is suggested for this species. 

The colony of R. rosaefolius increases in size by 
means of horizontal roots from which new shoots 
arise. 

Department of Botany, 

University of Hawaii, 

Honolulu, T. H. 

4 I have come across no mention of propagation by this 
method in the literature. Expansion of a colony by stolons 
has been mentioned (Bailey, 1925, p. 3023). 
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SILICON ABSORPTION BY RYE AND SUNFLOWER 1 




Robert T. Whittenberger 

presence of large quantities of silicon in er, 1930 ; Wherry, 1932) . Is it possible that colloidal 
many plant species has stimulated considerable re- forms of silicon can pass the cell membranes? 
search on the essentiality and function of this ele- Species absorb widely different amounts of sili- 
ment (see Wagner, 1940, for literature review), con from the same soil (Richardson,, 1920; Wherry, 

Yet the equally interesting question as to the manner 1932), indicating that they differ inherently either 

of its absorption and accumulation has been largely in their capacities to absorb silicon or in their capaci- 

ignored. Although plants normally grow in a silicon- ties to alter the soil siliceous materials, or both. In 

rich substrate, the way in which they absorb this the present paper attention is given these concepts 

element in quantity is not readily apparent. At ordi- by studying not only the effect of different siliceous 
nary soil temperatures and hydrogen-ion concentra- materials upon silicon absorption by the plants, but 
tions, most of the naturally occurring compounds of also the effect of the plants upon silicon in the mate- 
silicon commonly are regarded as either insoluble rials. An opportunity was afforded also for inquiring 
or colloidal, and should therefore be unavailable for into the effect of hydrogen-ion concentration on 
absorption. * growth at different seasons, and into the essential 

In the present study certain factors thought capa- nature of silicon as a nutrient, 
hie of influencing silicon absorption have been in- Mater als and methods. — Fruits of Rosen rye 
vestigated. The factor of soluble silicon concentra- (Secale cereale L.) and Mammoth Russian sunflower 

tion was given special attention, since it is possible ( Helianthus annuus L.) were germinated on paraf- 

that plants accumulate large amounts of silicon from fined screens over pyrex dishes containing half- 

very dilute solutions, as has been demonstrated for strength nutrient solution. After six days, selected 

selenium by Byers (1935) and Trelease and Tre- seedlings were transferred to the cultures, 

lease (1938). On the other hand, in accordance with The following basal nutrient solutions were util- 
modern concepts of solute absorption (Steward, ized; 


A 


B 


C 


Salt 

Molarity 

Salt 

Molarity 

Salt 

Molarity 

KN0 3 

.0078 

kh 2 po 4 

.004 

K 0 HPO 4 

.004 

(NH 4 LSO 4 

.0032 

NH 4 NO .3 

.004 

nh 4 no^ 

.003 

Ca(H 2 P0 4 ) 2 H 2 0 

.0006 

Ca(N0 3 ) 2 -H 2 0 

.001 

Ca(NO; } ) 2 -H 20 

.001 

MgS0 4 7H«>0 

.0005 

MgS0 4 -7H 2 0 

.001 

MgS0 4 *7H 2 0 

.001 


1935; Hoagland, 1937; Hoagland and Arnon, 
1941), a substance, although soluble, may not be 
available to plants. 

Because of the important effect of hydrogen-ion 
concentration on both solute absorption (Lunde- 
gardh, 1934; Osterhout, 1936; Hoagland, 1937) and 
solubility of soil siliceous compounds, this factor 
was studied from two viewpoints. Most siliceous 
compounds are dissolved slowly by strong alkalies. 
In acid media, however, they are either highly in- 
soluble or else decompose slowly, yielding silicic 
acids which ordinarily are considered incapable of 
passing parchment paper or collodion membranes. 
Yet it is known that plants do take up appreciable 
quantities of silicon from distinctly acid soils (Coop- 

1 Received for publication May 3, 1945. 

This dissertation was submitted to the Department of 
Botany, University of Pennsylvania, Philadelphia, in par- 
tial fulfillment of the requirements for the degree of Doc- 
tor of Philosophy. Acknowledgment is made to Dr. Edgar 
T. Wherry, Dr. J. R. Schramm, Dr. William Seifriz, Dr, 
Paul Allen, and the other members of the Department of 
Botany for their assistance and criticism during the study 
or' in the preparation' of the manuscript. 


To each solution were added boron, manganese, 
zinc, copper, and molybdenum to give final concen- 
trations of 0.5, 0.5, 0.05, 0.02, and 0.01 p.p.m., re- 
spectively. Solution A contained some colloidal ma- 
terial; iron, as ferric tartrate, was maintained at 
5 p.p.m. in this nutrient. Solutions B and C contained 
no iron and were free from precipitate and colloidal 
matter except for a slight opalescence at the highest 
pH and highest silicon concentration employed. Iron 
was applied effectively as a spray of acidified 0.1 
per cent ferrous sulfate, at five- or six-day intervals, 
to the shoots of plants growing in these solutions. 
Solutions were made relatively low in calcium and 
magnesium, owing to the tendency of these elements 
to form insoluble salts with the silicate ion (Mac- 
Intire, Shaw, and Young, 1925; Kardos and Joffe, 
1938). In series A, A A (tables 1 and 2) and B, BB 
(table 3) silicon was added to the basal solu- 
tion in the form of synthetic, crystal loidal sodium 
metasilicate, N a 2 SiO 5 H 2 O, obtained from the 
Philadelphia Quartz Company, 

Plants of the liquid culture series (tables 1-3, ex- 
cluding series A6, AA6, B5, and BB5) were grown 
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in two-quart jars. Nutrient solutions were changed 
weekly, and the pH was kept relatively constant 
(±0.2 of a unit) by daily adjustment with sodium 
hydroxide or hydrochloric acid. In series A6 and 
AA6 (table 1) a silicon-free solid substrate was 
achieved by the use of granular, 30-mesh, poly- 
merized methylmethacrylate, a plastic called Crys- 
talite. This white compound had a specific gravity 
of about 1.2 and showed a field water-holding ca- 
pacity of 53 per cent as compared with 16 per cent 
for the quartz sand used. Preliminary experiments 
with Crystalite had shown it to be free from silicon 
and non-toxic. Plants of the Crystalite series, grown 
in pots coated with acid- and alkali-resistant paint, 
were treated daily with the appropriate nutrient. 

In series B5 and BB5 (table 3) plants were 
grown in painted pots containing 25-mesh acid- 
washed quartz sand. Fitted into the basal hole of 
each pot was a siphon with a pinch-clamp, permit- 
ting collection of the “soil” solution for silicon analy- 
sis. A total of 300 ml. of nutrient B containing no 
silicon was flushed through each pot daily at three 
intervals, and the sand, except at the time of drain- 
ing, was kept saturated with nutrient. In series C2, 
CC2, and C3 (table 6) plants were grown with their 


roots in 350 ml. collodion sacs suspended in beakers 
Each sac was fastened at its open end to a large cork 
which held the plants in place. In the first arrange- 
ment of series C2, CC2, and C3, sacs were filled with 
a suspension of kaolin or bentonite in nutrient B 
and then were hung in a beaker containing 650 ml. 
of distilled water. Controls containing no plants 
were arranged similarly. In the second arrangement 
the positions of the distilled water and clay sus- 
pensions were reversed, so that the roots were im- 
mersed in distilled water and were separated from 
the clays by a collodion membrane. All clay suspen- 
sions were agitated and aerated daily by alternate 
lifting and ejection from a pipette, and by addition 
of nutrient solution to replace that lost by absorp- 
tion and evaporation. At the termination of the ex- 
periment, tests showed all membranes to be identical 
with regard to silicon permeability. All plants were 
grown in an unshaded greenhouse whose tempera- 
ture ranged from 60° to 95 °F. in the spring and 
summer and from 55° to 70° F. in the fall and winter. 

At the conclusion of each experiment, roots were 
washed repeatedly with distilled water and blotted 
for five minutes before determination of fresh 
weights. It was estimated that in the sand and Crys- 


Tabie 1. Effect of concentration on absorption and distribution of silicon in rye and sunflower. 


Series' 1 

Season 

grown 

Days 

grown 

No. of 
plants 

P.p.m. Si in 
nutr. soln. 

Shoots 

P.p.m. Si in 
fresh wt. 

Roots 

P.p.m. Si in 
fresh wt. 

Dry wt. 
gms. 

Entire plant 

Ash P.p.m. Si in 
gms. fresh wt. 





0 

0 


.48 

.093 


A2 

spring 

30 

12 

50 

402 


.75 

.178 

. . . . 





150 

2059 


1.14 

.245 






450 

1055 


1.39 

.296 






0 

33 

61 

5.01 

.999 

37 

A AS 

spring 

30 

8 

50 

640 

294 

6.71 

1.313 

570 





150 

999 

401 

7.83 

1.545 

920 





450 

1032 

3129 

6.56 

1.458 

1415 





0 

145 

56 

2.00 

.410 

112 

A3 

winter 

37 

12 

50 

981 

691 

2.62 

.518 

873 





150 

3316 

939 

3.06 

.665 

2475 





450 

2531 

4623 

2.75 

.566 

3269 





0 

75 

0 

2.19 

.622 

70 

A A3 

winter 

37 

6 

50 

537 

579 

3.30 

.787 

546 





150 

761 

509 

3.29 

.933 

719 





450 

696 

2265 

3.58 

1.221 

1069 

A 4 

fall 

46 

18 

150 

3470 

640 

6.81 

1.022 

2704 





450 

3194 

2489 

5.95 

.809 

3021 

A A 4 

fall 

46 

8 

150 

981 

887 

4.97 

.868 

967 





450 

1079 

2335 

5.69 

.848 

1289 





0 

47 

0 

4.68 

.701 

28 

A 6 

spring 

50 

9 

50 

1270 

743 

4.26 

.582 

1074 





150 

2321 

1485 

3.31 

.462 

1985 





450 

2013 

2382 

3.83 

.456 

2144 





0 

9 

0 

3.10 

.477 

8 

A A 6 

spring 

50 

3 

50 

1041 

304 

3.50 

.511 

901 





150 

1284 

1168 

4.06 

.562 

1256 





450 

962 

3115 

2.25 

.229 

1308 


a Single lettered series are rye, double lettered, sunflower. Series A2 and AA2 were grown in nutrient B at pH 4.6; 
series A3 and A A3 in nutrient C at pH 4.6; series A4 and AM in nutrient B at pH 4.6; and series A6 and AA6 in 
Crystalite with nutrient B at pH 4.6. Plants of each silicon level within a series were pooled before analysis. 
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talite cultures about 5 per cent of the rye and about 
15 per cent of the sunflower roots, dry weight basis, 
were lost. Total silica was determined by a method 
described by Loomis and Shull (1937), dissolved 
silica by the method of Schwartz (1934), and solu- 
ble silica within the plants by the method of Viehoe- 
ver and Prusky (1938). 

For the treatment of soil materials with nitrogen 
and carbon dioxide gases (table 7), samples were 
mixed in flasks with an aqueous phase, and the flasks 
were connected in series so that the contents of each 
could be aerated and agitated at the same rate from 
a single gas source. Two identical series were treated 
simultaneously, one with nitrogen gas, the second 
with carbon dioxide. Samples taken for analysis 
from the supernatant layer of each flask were re- 
placed by more of the original aqueous phase. 

Observations. — Effect of silicon concentration 
on its absorption and distribution . — Soluble silicon 
was absorbed readily by both rye and sunflower at 
a rate which was in large measure a function of its 
concentration, maximum absorption occurring at the 
highest, or 450 p.p.m., level. This is shown in the 
last column of table 1. Differences in age, season, 
nutrient solution and substrate did not appreciably 
alter this result. Increases in silicon concentration 
at low levels were reflected in relatively large in- 
creases in silicon absorption, whereas at high levels 
, increases resulted in only slightly augmented ab- 

I sorption. Probably the concentration promoting 

maximum absorption lies at a level even higher than 


silicon concentrations was accompanied in general 
by decreased absorption of other ash constituents. 
Thus, in series A3, cultures with 0, 50, 150 and 450 
p.p.m. of silicon contained respectively 20, 19, 19, 
and 18 per cent of ash (dry weight basis), excluding 
silicon. Similar results were obtained on other plants 
by Wagner (1940). Conversely, Hampton and Al- 
brecht (1943) found that the liberal absorption of 
potassium and calcium by soybean roots had an ex- 
cluding effect upon silicon. Germar (1934), how- 
ever, reported that a deficiency of potassium limited 
the intake of silicon in other species, whereas an 
excess of nitrogen favored its intake. 

Neither species showed evidence of silicon defi- 
ciency (Raleigh, 1939; Wagner, 1940). Of the two 
species, rye invariably absorbed the greater amount 
of silicon. The increase in yield (in most cases) of 
the silicon-supplied plants over that of the controls 
was probably insignificant, and the data can not be 
used in support of the essentiality of this element. 
Similar results in yield were obtained when sodium 
chloride was substituted for sodium silicate in the 
nutrient. The small amount of silicon present in or 
on the control plants apparently came largely from 
atmospheric dust, since the corresponding roots con- 
tained even less or no silicon. 

It is interesting to note that no evidence of tox- 
icity was obtained even when silicon was furnished 
the plants in concentration as high as 450 p.p.m. 
In contrast, King and Davidson (1933) found that 
a concentration of 93 p.p.m. of silicon was toxic to 
diatoms. Regarding humans, Denny, Robson, and 
Irwin (1939) suggest that the disease silicosis, prev- 


450 p.p.m. 

The increased silicon absorption at the higher 


Table 2. Effect of silicon concentration on its absorption and on the distribution of soluble and insoluble forms in rye 

and sunflower. 


Series* 

P.p.m. Si in 
nutr. soln. 

Total trans- 
piration 3 
weeks in ml. 

Plant part 

pH of 

expressed sap 

Silicon 

In expressed sap In fiber residue 

(soluble) (insoluble) 

Per cent P.p.m. total P.p.m. total 
of total Si fresh wt. fresh wt. 




Leaf 

5.90 

10 

299 

2592 

A5 

150 

2003 

Culm b 

5.96 

18 

612 

2788 




Hoot 

6.35 

33 

995 

2031 




Entire plant 


20 

612 

2438 




Leaf 

6.12 

13 

266 

1784 

A5 

450 

1829 

Culm b 

6.08 

19 

383 

1677 




Root 

6.35 

46 

2751 

3218 




Entire plant 


35 

1191 

2274 




Leaf 

6,70 

6 

210 

3106 

AA5 

150 

974 

Stem 

6.66 

49 

238 

248 




Root 

6.31 

83 

70.1 

1396 




Entire plant 


21 

327 

1172 




Leaf 

6.20 

10 

238 

2167 

AA5 

450 

876 

Stem 

6,31 

33 

135 

266 




Root 

6.28 

7 

574 

8313 




Entire plant 


9 

290 

3106 


a Plants (series A 5, rye; series A A 5, sunflower) were grown in nutrient B during winter at pH 4.6 for 42 days, and, 
in addition to the normal daylight, were illuminated 8 hours daily with fluorescent lamps. Plants from each culture (18 
rye or 8 sunflower) within a series were pooled before analysis. 
b The term “culm” is used to designate all plant tissue from the first node to a height of 10 cm. 
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alent among miners, is associated with some inherent 
property of silica rather than with its mechanical 
ab rasive qualities . 

The distribution of silicon within rye plants was 
influenced in an unexpected manner by variations in 
concentration of soluble silicon in the nutrient. Maxi- 
mum accumulation in rye shoots occurred when the 
silicon level was 150 p.p.m. rather than 450 p.p.m. 
(table 1). However, the roots (and the plant as a 
whole) accumulated the most silicon at the 450 
p.p.m. level. In series A5 (table 2), for example, 
increasing the silicon level from 150 p.p.m. to 450 
p.p.m. decreased the fraction of total plant silicon 
in the shoots from 65 to 38 per cent and increased 
the fraction in the roots from 35 to 62 per cent. 
Apparently translocation to the shoots of the ab- 
sorbed silicon was impaired in the latter culture. 
Similar differences in silicon distribution at high 


silicon levels w r ere not so apparent in sunflower 
shoots, although sunflower roots accumulated silicon 
in great excess from nutrient containing 450 p.p.m. 
of silicon. 

No satisfactory explanation was found which 
would account for the differences in silicon distribu- 
tion between the rye cultures containing 150 p.p.m. 
and 450 p.p.m. of silicon. The work of Schmidt 
(1936), Freeland (1936, 1937), and Wright (1939) 
indicating that the rate of transpiration affects ab- 
sorption and distribution of certain mineral salts and 
that of Germar (1934) indicating that silicon depo- 
sition in leaves varies directly as the transpiration 
were suggestive. Yet the difference in transpiration 
between the two cultures in the present case was 
slight and probably insignificant in this connection 
(table 2). 

About 33 per cent of the silicon in the sunflower 


Tabu; 3. Effect of hydrogen-ion concentration on silicon absorption and on growth of rye and sunflower. 


Series’ 1 

Season 

grown 

Days grown 

Number 
of plants 

P.p.m. Si in 
nutr. soln. 

PH 

Entire plant 

Dry wt. P.p.m. Si in 

gms. fresh wt. 






7.1 

,24 

1331 

B1 

winter 

19 

8 

59 

5.5 

.25 

981 






4.6 

.29 

780 






7.1 

.73 

355 

BB1 

winter 

19 

6 

59 

5.5 

1.05 

257 






4.6 

1.05 

224 






7.1 

.77 

4899 

m 

winter 

42 

18 

150 

5.3 

3.88 

2625 






4.6 

4.67 

2204 






7.1 

4.92 

1135 

BB 2 

winter 

42 

8 

150 

5.3 

5.75 

733 






4.6 

6.99 

743 






6.7 

.70 

383 

BBS 

fall 

16 

6 

150 

5.3 

.81 

439 






4.6 

.70 







7.1 

.31» 

12492 

B4 

winter- 

42 

18 

150 

4.6 

6.36 

2172 


spring 




4.0 

6.85 

2424 






3.6 

3.10 

2905 






7.1 

17.77 

1891 

BB4 

winter- 

42 

8 

150 

4.6 

13.35 

1009 


spring 




4.0 

13.54 

1055 






3.6 

8.03 

1317 






7.1 

24.96 

346 

B5 

winter- 

58 

18 


5.3 

24.10 

262 


spring 




4.6 

19.33 

149 






3.8 

15.75 

163 






7.1 

33.72 

154 

BBS 

winter- 

58 

8 


5.3 

25.39 

131 


" spring 




4.6 

24.57 

135 






3.8 

14.48 

135 

B6 

spring 

42 

18 

0 

7.1 

17.11 







4.6 

16.59 


BBS 

spring 

42 

8 

0 

7,1 

27.67 







4.6 

14.23 



Single lettered series are rye, double lettered, sunflower. Series B1 and BB1 were grown in nutrient A; all other 
series were supplied with nutrient B. Series B5 and BB5 were grown in quartz sand ; all other series were grown in 
media. I lants of each treatment within a series were pooled before analysis. 

Rye plants of pH 7.1 for the most part were dead at the end of 3 weeks. 





WHITTENBERGER SILICON ABSORPTION 


Fig. 1 and 2. — Fig. 1. Sunflower (series BB4, table 3) showing late winter response to two hydrogen- 
trations. Age of plants, 3 weeks. — Fig. 2. Same plants as in figure 1, showing growth during early spr 
plants, (i weeks. 


of soluble silicon, expressed as p.p.m. of fresh 
weight, was favored in both species by a low con- 
centration of hydrogen ions (table 3), although ap- 
preciable quantities also were absorbed at a rela- 
tively high concentration (pH 3.6). Repeated ex- 
periments under a variety of cultural and environ- 
mental conditions gave approximately the same com- 
parable results. The only exception was in the short- 
termed series BB3 where sunflower absorbed slightly 
more silicon at pH 5.3 than at pH 6.7. Maximum 
absorption was largely independent of plant vigor, 
and occurred at a low hydrogen-ion concentration 
irrespective of whether the plants grew best or poor- 
est at that level. In both species, a high concentra- 
tion of hydrogen ions favored accumulation of sili- 
con in stems rather than in leaves. An inhibitory 
effect of hydrogen ions on the translocation of silicon 
was thus suggested. For example, in series BB4 sun- 
flower stems contained 9, 7, 6, and 5 per cent of the 
total shoot silicon (fresh weight basis) at pH treat- 
ments of 3.6, 4.0, 4.6, and 7.1, respectively. 

Yields as affected by hydrogen-ion concentration 
at different seasons. — Arrhenius (1929) stated that 
the optimum pH for growth of rye was about 5.0. 
Recently, however, hydrogen-ion concentration has 
been regarded as a variable factor which may be 
modified extensively by cultural and climatic condi- 
tions. Arnon (1937, 1939) showed that growth of 


root was soluble when the silicon level was 150 
p.p.m., whereas only 7 per cent was soluble at the 
450 p.p.m. level. Although the latter condition seem- 
ingly constituted an obstacle to silicon mobility, no 
such obstacle existed in the case of rye. That the 
mobility of silicon within the plants was probably 
not much affected by hydrogen-ion gradients was 
suggested by the similarity of the plant organs with 
respect to cell sap reaction (table 2). There was 
little difference in sap reaction either between plants 
receiving the two silicon concentrations or between 
organs of the same plant. 

Of the total silicon absorbed by the plants of 
series A5 and AA5, the major portion was deposited 
in the insoluble state. With the exception of the sun- 
flower culture containing 450 p.p.m. of silicon, a 
greater proportion of the total silicon in the leaves 
was insoluble than was the case with the other plant 
organs. Although sunflower stems contained the least 
fraction of total plant silicon of all organs, a large 
fraction of that present was soluble. Sunflower 
leaves contained an even greater concentration of 
silicon than did rye leaves. From the data on con- 
centration of soluble silicon in roots, it is apparent 
that silicon was absorbed against a concentration 
gradient in both species. 

Effect of hydrogen-ion concentration on silicon 
absorption and distribution.— Maximum absorption 
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barley was c antitatively and comparatively differ- 
ent at a -give pH value in two seasons ; plants that 
made best $ >wth at pH 5 in the fall showed no 
advantage, a hat level of reaction in the spring. 

Of the p] rallies used during the winter season, 
both rye ai sunflower grew r best at pH 4.6 and 
poorest a ,! . 7.1 (series Bl and BB 1 , table 3), 

irrespeeti i preliminary experiments had shown, 
of the pre ; or absence of silicon. The same com- 
parable r { were obtained the following winter, 

despite v ons in cultural conditions (series B2 

and BB2 these series sunflower appeared less 
specific : r e in its pH requirements, and did not 

show su ore repression in growth at pH 7.1. 

The piirements of the plants during the 

growing l (spring and summer) were in con- 
trast wi 2 of winter. During spring, maximum 

yield of pecies was obtained at pH 7.1, a pH 

of 4.6 g t inferior yield (series BB4, B5, BB5, 

B6, an( table 3). Sunflower plants grown in 

the fall response intermediate between that 

of win! spring, and showed no definite pH 

prefer*! *ies BBS). In series B4 and BB4, cul- 
tures w up during late winter and continued 

in the i thus showing the transition between 

the wi] 1) and spring responses (fig. 2). 

Owing death during late winter of the rye 

plants t pH 7.1, the spring response is miss- 
ing in ies. Bye plants gave comparatively 

better ; low pH values (4.0 and 3.6) than did 

sunflov I 

SiUi 'ption from various materials . — Wag- 
ner (lj tnd that silicon was taken up by bar- 
ley in ' rely increasing amounts from quartz 

sand, 1 j ! >r soil, low moor soil, “sand/’ marl, 

and lo H mar (1934) likewise noted that only 

small i y of silicon were absorbed by rye, bar- 
ley, an Vi grown in quartz sand. Raleigh (1939) 

assumi m ie silicon in quartz sand was not read- 


seed to be used in silicon-deficiency studies. On the 
other hand, Viehoever and Prusky (1938) stated 
that the largest amount of silicon apparently is pres- 
ent in fully developed plants grown on sandy soil 
and Richardson (1920) found high percentages of 
silicon in several species growing in sand dunes. 
Hoagland and Martin (1923) reported that appre- 
ciable amounts of silicon from sand entered the soil 
solution and plants. Wherry (1932) observed no 
regularity in the silicon content of certain species 
grown on sandy coastal-plain woods soil and on low- 
silicon serpentine barren soil; thus Phlox suhulata 
contained more silicon when grown on the latter 
than on the former, while the converse was true with 
Smilax rotundifolia. 

Only small quantities of silica (1 p.p.m. of silica 
= 0.467 p.p.m. of silicon) were taken up by either 
rye or sunflower from quartz sand (table 4). Much 
greater quantities were absorbed from sandy loam, 
kaolin, serpentine soil, and Crystalite supplied with 
soluble silica. In general, the amount of silica ab- 
sorbed was correlated with its solubility, which was 
greatest in the Crystalite culture and least in the 
quartz sand. The solubility of silica in sand was 
indeed so low (0.7 p.p.m.) that it seemed difficult to 
account for even the small quantities of silica ab- 
sorbed on the basis of solubility alone. Accordingly, 
the possibility of a solvent effect of the roots on sili- 
ca, or the absorption of colloidal silica, was con- 
sidered. 

It was found in series B5 and BB5 (tables 3 and 
5) that the roots exerted a solvent action, although 
slight, on quartz sand. More soluble silica was 
leached from sand supporting plants than from sand 
not supporting plants, irrespective of the reaction 
of the leachate (table 5). Greater quantities of silica 
were dissolved from the sand, with and without 
plants, at pH 7.1 than at pH 3.8. Slightly greater 
amounts were dissolved under rye, the species of 


ince he germinated in sand the beet amounts were dissolved under rye, 
TableT. Silica absorption from various materials , and growth of rye and sunflower. 



Number 
of plants 

Silica source 

Dry weight 
in grams 

Silica p.p.m. 
fresh weight 

9 

50 p.p.m. soluble 

51 in Crystalite 

3.50 

2950 

9 

Kaolin 

3.96 

2450 

9 

Sandy loam 

3.75 

2130 

9 

Quartz sand 

3.95 

290 

3 

Kaolin 

3.46 

1750 

3 

Sandy loam 

2.94 

1230 

3 

Quartz sand 

3.54 

220 

6 

Serpentine soil 
plus water 

3.14 

2840 

6 

Serpentine soil 
plus nutrient 

9.21 

1670 


Entire plant 

Silica p.p.m. 
fresh weight 


C4 (rye) and CC4 (sunflower) were grown for 70 days during summer, and were 
with nutrient solution B at pH .5.5. Series CC6 (sunflower) was grown in serpentine 
days during spring. Plants of each treatment within a series were pooled before 
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•Table 5. Influence of plants on dissolution of quartz sand 
at different pH values. The quantities are an average 
of readings made at seven consecutive twelve-hour 
intervals. 


pH 



Plant and 

7.1 

5.3 

4.6 

3.8 

Series 

control 


p.p.m. dissolved silica 


B5 

rye 

2.4 

2.2 

. 2.2 

1.5 

BB5 

sunflower 

2.3 

1.8 

1.6 

1.1 

B5, BB5 

control 
(no plants) 

,8 

.7 

.7 

.6 


greater silica-absorbing capacity, than under sun- 
flower. 

Although data presented thus far have shown that 
soluble silica is absorbed freely, no definite conclu- 
sion could be drawn concerning the possible entry 
of less soluble or colloidal silica into the roots. Nanji 
and Shaw (1925) reported that silica may be taken 
up as colloidal silicic acid. On the other hand, Frey- 
Wyssling (1930), Ayres (1936), and Viehoever and 
Prusky (1938) have stated, admittedly without 
much experimental evidence, that silica probably 
is absorbed as the soluble silicate ion, or as soluble 
silicic acid. 

In seyes C2, CC2 and C3, plants were grown in 
collodion sacs, some of which separated bentonite or 
kaolin from the roots (table 6). In the latter cultures 
even greater amounts of silica were absorbed than in 


cultures where roots were in actual contact with the 
clay materials, probably owing to the somewhat 
greater quantity of clay in the culture arrangement. 
As in series B5 and BBS, both rye and sunflower 
caused a slight though recognizable increase in silica 
solubility, irrespective of whether the roots were in 
contact with the clays. From the data of table 6, four 
conclusions seem possible and pertinent: (1) only 
soluble silica (that which passed a collodion mem- 
brane), and not colloidal silicic acids or siliceous 
particles, was taken up; (2) roots of both species 
secreted a substance which dissolved silica; (3) this 
substance was molecular rather than colloidal or 
enzymatic in character, since it passed freely 
through a collodion membrane; and (4) this sub- 
stance was effective both when roots were in contact 
with clay and when they were separated from it. 

Effect of carbon dioxide and nitrogen on solubility 
of siliceous materials . — Carbonic acid suggested it- 
self as a root secretion which would pass a collodion 
membrane and which might dissolve silica from soil 
minerals. Treatment of various soils and siliceous 
materials with carbonic acid brought about an in- 
crease in soluble silica in all cases (table 7). Greater 
increases were obtained from bentonite and serpen- 
tine soil than from kaolin, quartz sand, or Lakewood 
soil. Materials containing a high percentage of 
quartz (sand and Lakewood soil) yielded only small 
amounts of initially soluble silica and showed only 
slight increases in silica solubility. Addition of sodi- 


Table 6. Absorption and dissolution of silica by rye and sunflower from kaolin and bentonite suspensions. 


Series® 

Arrangement 

Plants 

Region 

tested 

Age of cultures and 
controls in days 

6 42 .. 

P.p.m. dissolved 
silica in liquids 

P.p.m. silica in 
fresh shoots 

02, CC2 

650 ml. of kaolin 
plus nutr. soln. 

0 

inside 

7.0 

10.2 


€2 

outside sac; water 
only inside 
same 

rye 

sac 

»!* 

7.0 

11.3 

1190 

CC2 

same 

sunflower 


7.8 

11.3 

380 

C2, CC2 

water only outside 
sac; 350 ml. of 

0 

outside 

7.4 

7.4 



kaolin plus nutr. 

0 

sac 

7.4 

7.4 


C 2 

soln. inside 
.■ same 

rye 


7.8 

8.6 

810 

CC2 

■ same 

sunflower 

” 

7.8 

7.8 

310 

€3 

650 ml. of ben- 
tonite plus nutr. 

0 

inside 

8.2 

12.2 


C3 

soln. outside sac ; 
water only inside 
■ same'. 

rye 

sac 

9.0 

16.0 

1120 

C3 

water only outside 
sac; 350 ml. ben- 

0 

outside 

3.1 

10.2 


03 

tonite plus nutr. 
soln. inside 

same 

rye 

sac 

3.7 

12.2 

320 



* The plants, grown at pH 5.5 in 350 ml. collodion sacs containing suspensions or water as indicated, were sus- 
pended in liter beakers containing the indicated suspensions or water. 
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Table 7. Series ODD. Effect of nitrogen and carbon dioxide gases on dissolution of silica from liquid mixtures of 
certain dags, minerals , and soils * Duplicate series of the soil substances were aerated simultaneously with the 
gases for £ days, then the order of gas treatment was reversed so that samples treated originally with carbon 
dioxide were given nitrogen, and vice versa. 


Mineral, clay or soil 
Gms. in 

100 gms. of 
Kind mixture 

Liquid 
mixed 
with clay 
soil, etc. 

Gas 

(original 

order) 

Days treated 

0 4 

P.p.m. dissolved 
silica 

Final 

pH 

Gas 

(reverse 

order) 

Days treated 

4 

P.p.m. dissolved 
silica 

Final 

PH 

Bentonite 

3.7 

nutr. 

n 2 

7.7 

19.1 

7.1 

COo 

24.6 

5.7 



soln. B 

co 2 

7.7 

28.5 

5.4 

No 

23.8 

7.6 

Kaolin 

15.0 

nutr. 

■n 2 . 

4.7 

11.4 







soln. B 

co 2 

4.7 

13.0 





Kaolin 

28.6 

dist. 

No 

5.1 

5.8 

5.4 

COo 

8.3 

4.9 



water 

co 2 

5.1 

6.1 

4.9 

No 

7.0 

5.4 

Kaolin 

28.6 

M/1 NaCl 

No 

5.1 

5.8 

5.3 







COo 

5.1 

6.1 

4.8 




Kaolin 

28.6 

M/1 CaCL 

No 

5.1 

6.1 

4.7 

COo 

10.2 

4.3 




COo 

5.1 

7.0 

4.3 

n 2 

9.6 

4.7 

Quartz 

44.4 

dist. 

No 

2.3 

2.7 

6.8 

COo 

5.1 

4.5 

sand 


water 

COo 

2.3 

3.1 

4.7 

No 

3.5 

6.7 

Quartz 

44.4 

M/1 NaCl 

No 

2.3 

2.7 

6.7 

C0 2 

5.1 

4.4 

sand 



COo 

2.3 

3.5 

4.7 

n 2 

3.5 

6.7 

Lakewood 

44.4 

dist. 

No 

3.1 

3.2 

6.0 

COo 

8.3 

5.4 

soil 


water 

COo 

3.1 

3.5 

5.4 

No 

5.8 

5.7 

Serpentine 

44.4 

dist. 

No 

13.0 

13.4 

8.3 

COo 

16.0 

6.6 

soil 


water 

C0 2 

13.0 

26.2 

6.4 

n 2 

8.3 

8.1 


um chloride to kaolin and quartz sand caused no 
significant difference in silica solubility, but a slight 
increase followed the addition of calcium chloride 
to kaolin. A minor increase was noted also if nutrient 
B was utilized in place of water for the liquid phase 
of the kaolin mixture. Increases produced by nitro- 
gen gas apparently were associated with the me- 
chanical agitation of the bubbling gas. 

When the gas treatments were reversed, so that 
samples which originally had received carbon diox- 
ide were given nitrogen, and vice versa, soluble silica 
increased in the previously nitrogen-treated samples, 
but remained relatively constant in the previously 
carbon dioxide-treated ones. The increased solubility 
of carbon dioxide-treated samples was associated 
always with an increase in hydrogen-ion concen- 
tration. 

Discussion. — The literature reveals no general 
agreement as to the solubility of silica (Seidell, 
1940; Mellor, 1940). Many factors, such as particle 
size, freshness of fracture, quantity present, salts, 
soil isoelectric complex, pH, and possibly enzymes 
influence its solubility at a given temperature. Nut- 
ting (1982, 1987, 1942) stated that pure silica ob- 
tained from bentonite or silica gel has a solubility in 
distilled water of 180 p.p.tn. King (1988) indicated 
that the crystalline forms of silica were soluble to 
the extent of from 40 to 140 p.p.m. Correns (1940) 
gave a high value for the solubility of silicic acid gel, 
but Denny, Robson, and Irwin (1939) obtained only 
27 p.p.m. dissolved silica from quartz and 7 p.p.m. 
from kaolin. 


Lucas and Dolan (1939) evaluated several fac- 
tors which contribute to the quartz solubility values 
they secured (50 to 100 p.p.m. of silica). They 
pointed out that other minerals present in quartz as 
impurities seriously interfere with the determina- 
tion. The lowest value for the solubility of quartz 
has been reported by Titus (1937). After standing 
two months in water of approximately pH 7, quartz 
yielded only 0.5 p.p.m. of soluble silica. Evidence 
obtained in the present study supports the conclu- 
sion of Titus. The comparatively large amounts of 
silica dissolved from various soil materials in series 
DDD and absorbed by plants in series C4 and CC4 
apparently originated directly from minerals other 
than quartz. 

The criterion used to distinguish soluble from in- 
soluble silica is a matter of controversy and has 
contributed to the general disagreement on silica 
solubility. Erbe (1935) has determined the parti- 
cles of silicic acid to be between 40 and 50 millimi- 
crons in diameter. These colloidal particles, by 
gravimetric methods of analysis, might erroneously 
be included in the soluble fraction. In this paper 
soluble silica was determined as that form of 
dispersed silica which forms silico-molybdic acid 
(Denny, Robson, and Irwin, 1939). The method, 
however, does not differentiate between dissolved 
silica and silicates (Titus, 1937). 

A number of workers have reported on the effect 
of pH on silica solubility. Correns (1940) found 
that silica dissolved from potassium feldspar was 
at a minimum between pH 6 and 7, whereas silicic 
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acid gel was least soluble at pH 3. Nutting (1932, 
1943) stated that silica of clays and of many other 
minerals was least soluble at neutrality, and that 
the presence of even a trace of either an acid or a 
base increased its solubility. Mattson and Gustafs- 
son (1937) found that silica of a podzol soil had a 
minimum solubility between pH 8 and 9. They ob- 
served that silica was carried into solution by the 
sesquioxides, resulting in an apparent increase in its 
solubility with an increase in hydrogen-ion concen- 
tration. "Mann and Barnes (1940) noted that when 
the pH value of a light sandy loam was above 4.0, 
there was an almost constant amount of dissolved 
silicic acid in the drainage water; when the pH 
went down to 3.3, the proportion was doubled. Den- 
ny, Robson and Irwin (1939) found that minimum 
solubility of silica from both granite powder and 
asbestos wool occurred between pH 9 and 1 0, there 
being an increase on either side of this low. With 
respect to quartz powder, however, they found that 
its solubility increased rather steadily from pH 
4 to 9. 

Only minute quantities of silica were dissolved 
and absorbed from quartz sand at either high hy- 
drogen-ion concentrations or neutrality (series B5 
and BB5). However, large quantities of silica were 
absorbed from soil and soil materials of acidic re- 
action that contained silicates (series C4 and CC4). 
When the reaction of an aqueous mixture of sili- 
ceous materials was made more acidic by means of 
carbon dioxide (series DDD), the solubility of 
silica was increased most in those materials con- 
taining appreciable amounts of silicates. The slight 
increase in the solubility of quartz sand probably 
should be attributed to silicates present as impuri- 
ties. 

The explanation for the effect of certain salts 
on the solubility of silica may lie in part in their 
effect upon pH. In series DDD, sodium chloride, 
a neutral salt, was shown to be without effect on 
the solubility of silica in quartz sand and kaolin in 
the presence of nitrogen and carbon dioxide gases. 
However, calcium chloride, a somewhat acidic salt, 
caused a slight increase in both pH and in dissolved 
silica from kaolin under the same conditions. It is 
apparent, therefore, that one effect of a moderately 
high hydrogen-ion concentration (increased solu- 
bility of silica in soil silicates) is quantitatively 
more important than its other effect (decreased rate 
of absorption of soluble silica) in accounting for 
the amount of silica taken up by plants from many 
soils. 

The exact manner in which carbonic acid brings 
about solution of silica from soil minerals remains 
obscure. Any hypothesis must take into account the 
dynamic nature of soil, the constant shifting in 
equilibria of reactions, and the atomic substitutions 
taking place. Natural weathering agents slowly de- 
compose the minerals and leach out the more soluble 
compounds. Decomposition of a silicate may be 
initiated by an acid such as carbonic: '' 



MgAloSi G 0 10 + HoC 0 3 -> H 2 Al 2 Si«0 16 + MgC0 3 

I 

(cold climate) H*> 0 -f- 3Si0 2 gel 

i 

(temperate climate) H 2 Al 2 Si 2 O s + Si0 2 gel 

It is probable that a definite fraction of the liber- 
ated “silica gel’* or silicic acid (xSiCVyHgO) is 
is at least temporarily in solution and is capable of 
passing a plant membrane. 

Another potential source of soluble silica is sug- 
gested by the widespread occurrence of minerals 
which during decomposition might yield unstable 
sodium or potassium hydrogen silicate. Of the sili- 
cates, only those of the alkali metals are soluble to 
an appreciable extent. Little is known concerning 
either the existence or the solubility of naturally 
occurring organic silicates (Nanji and Shaw, 1925; 
Nutting, 1932; Viehoever and Prusky, 1938). 

Although the present study has indicated that 
root-secreted carbonic acid may bring into solution 
some silica or silicate from soils, insufficient data 
prevent making the claim that carbonic acid is the 
sole or even primary agent effecting solution. Gra- 
ham (1941) found that certain colloidal organic 
acids were effective in the weathering of calcium 
from anorthite, though be did not state their effect 
upon silica. King and Davidson (1933) suggested 
the existence of an enzyme, silicatase, from their 
studies on diatoms. Albrecht, Graham, and Fergu- 
son (1939) found that soybeans dissolved silica 
from a clay of extreme mineralogical stability. They 
concluded that carbonic acid was insignificant, com- 
pared with other plant agents, in rendering silica 
soluble. The writer, however, obtained results to the 
contrary with different soil materials. Carbonic acid 
secreted by roots, supplemented by that from soil 
microorganisms, most probably is an important 
silica-dissolving agent. Although only small amounts 
of this acid are secreted at any time and conse- 
quently only small increases in dissolved silica are 
detected, over any considerable period significant 
quantities are dissolved and absorbed. Accumula- 
tion from a dilute solution may be favored by the 
fact that certain ions and salts move from one clay 
particle to the next, thus obviating the necessity of 
immediate contact between the roots and the ions 
and salts (Albrecht, Graham, and Shepard, 1942). 

SUMMARY 

Through the employment of water, sand, and 
synthetic medium culture techniques, the influence 
of pH, silicon concentration, and silicon source on 
both growth and silicon absorption by rye and sun- 
flower was studied. Silicon, supplied as soluble so- 
dium silicate, was absorbed by both species at all 
seasons in approximate proportion to its concentra- 
tion in the nutrient solution. At a high external con- 
centration (450 p.p.m. of silicon) the plants accu- 
mulated silicon primarily in their roots; lower con- 
centrations (150 p.p.m. of silicon and less) favored 
accumulation in the shoots, especially in the leaves. 
This relationship held for plants grown both in 
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liquid and in solid media. No plausible explanation 
for these distributions was obtained from data on 
transpiration rates and on solubility of silicon 
within the plants. The greater, though variable, 
portion of silicon in the plants occurred in an in- 
soluble form. Of the two species, rye always took 
up more silicon. 

Soluble silicon at high concentration was not 
toxic to the plants. Under some cultural and cli- 
matic conditions, growth was improved by the pres- 
ence of silicon, but under other conditions no such 
improvement resulted. 

Within a pH range of 3.6 to 7.1, maximum ab- 
sorption of silicon (supplied in a soluble form) 
occurred at approximate neutrality. Considerable 
quantities were absorbed also at a pH value as low 
as 3.6. With respect to growth, the effect of pH 
varied with the season. During the growing season 
(spring) a pH value of 7.1 produced maximum 
growth of both species, whereas during the winter, 


yield was best at pH 16. A pH of 7.1 during the 
latter season was toxic for rye. 

Data obtained from an arrangement whereby 
roots were separated from clay suspensions by a 
collodion membrane indicated that no colloidal sili- 
con was absorbed and that the roots secreted a 
silicon-dissolving substance of molecular dimen- 
sions. Evidence suggested that this root secretion 
was carbonic acid, which was shown to be capable 
of dissolving appreciable quantities of silicon from 
various soils containing silicates, but not from 
quartz sand. It was concluded that under natural 
conditions silicon probably is absorbed by plants 
principally as temporarily-soluble silicic acid and 
as soluble silicates arising from the decomposition 
of complex silicates. The results of this study re- 
emphasize and broaden the role plants serve in the 
weathering of rocks and in the building of a soil. 

Department of Botany, 

University of Pennsylvania, 

Philadelphia, Pennsylvania 
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GENETICS OF GLOMERELLA. III. CROSSES WITH A CONIDIAL STRAIN 1 
S. J. P. Chilton, G. B. Lucas, and C. W. Edgerton 


In a previous paper, Lucas, Chilton, and Edger- 
ton ( 1944 ) reported that ascospores isolated from a 
plus strain of a culture of Glomerella originally ob- 
tained from I pomoea gave rise to the parent strain 
and to several new strains differing in such charac- 
ters as the production of conidia, the formation of 
peritheeia, and self-fertility. Some of these strains 
formed lines of fertile peritheeia when they came in 
contact with the parental strain and with each other. 
In a second paper (Edgerton, Chilton, and Lucas, 
1945 ), evidence was presented to show that a fer- 
tilization takes place between strains when the ridge 
of peritheeia develops as they come in contact. 

Among the isolates developing from ascospores 
of the plus strain, which were entirely unlike any of 
the plus or minus strains, were certain ones which 
did not produce peritheeia but did produce conidia. 
These isolates were not identical and for convenience 
are at present being placed together in a group desig- 
nated as the conidial type. The individual ones which 
are receiving attention in this paper have been desig- 
nated as conidial A, conidial B, and conidial C. 

The results presented in this paper are based 
mainly on work with the conidial A strain, called the 
heavy conidial strain in a preceding paper. The coni- 
dial A strain produces large pink spore masses on 
the surface of oatmeal agar, and in all ways is very 
similar.' to ■ the non-ascogenous C olle totrichum and 
Gloeosporiu m forms which are well-known from 
many host plants. 

When the conidial A strain is grown in a plate 

1 Received for publication May 38, 1945. 


with either a plus or a minus strain, a ridge of peri- 
theeia develops on the line of contact. This ridge 
develops slowly as compared to those which develop 
between plus and minus strains, and while in some 
cases the number of peritheeia is rather limited, those 
which do form are well-developed and full of normal 
asci. 

Previous to the present investigations, no one 
seems to have reported in Glomerella the presence 
of peritheeia on the line of contact between perithe- 
cial and rion-perithecial cultures or between conidial 
and non-conidial cultures. This paper reports the 
results obtained from crossing the conidial A strain 
with certain plus and minus strains. 

Strains studied. — Crossing tests were made with 
four strains : plus A, minus A, minus B, and conidial 
A. Besides these, two other conidial strains appeared 
in the progeny of certain crosses. These six strains 
are briefly described. 

Plus A. Originally from I pomoea. Peritheeia in 
glomerate masses. Ascospores well developed. Coni- 
dia not observed. Ascospores when isolated produce 
colonies of both plus and minus strains. Very rarely 
colonies of conidial A have developed from asco- 
spores. 

Minus A. From ascospores of the plus A strain. 
Peritheeia scattered over surface of medium, ordi- 
narily sterile, only an occasional one producing a 
few ascospores. Conidia very few, Ascospores on 
germination produce only minus A colonies, (A simi- 
lar strain from a plus A strain from okra, Hibiscus 
esculentus, also included in one test.) 
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Minus B. From an ascospore of the plus A strain. 
Similar to the minus A strain except the perithecia 
are filled with well-developed asci and ascospores. 
Ascospores on germination produce only minus B 
colonies. 



Fig. 1. Petri dish with four cultures of the conidial B 
strain mated with a plus A strain. One strain (below) 
produced only a few scattering perithecia on line of con- 
tact, while others produced dense ridges of perithecia. 

Conidial A. From an ascospore of the plus A strain. 
Isolates which are similar and probably identical 
have also appeared as sectors in plate cultures of the 
plus A strain. Cultures produce no perithecia but are 
covered with numerous pink masses of conidia. (A 
similar strain from a plus A strain from okra also 
included in one test.) 

Conidial B. From ascospores derived from several 
of the crosses. Conidial masses forming on oatmeal 
agar are smaller than those produced by the conidial 
A strain. Indistinguishable from the conidial A strain 
on bean agar. As all cultures grouped together here 
have not reacted alike when mated with other strains^ 
this may be a complex rather than a single strain. 
For example, when mated with the plus A strain 
some cultures produce a dense ridge of perithecia 
while others produce only a few scattering perithe- 
cia(fig. 1). 

Conidial C. From ascospores derived from one of 
the crosses. Similar to conidial A but cultures con- 
tain small brown sclerotium-like bodies suggestive 
of rudimentary perithecia. 

Methods. — The methods were in general the same 
as those described in previous papers. Plantings of 
two strains were made in a petri dish and the colonies 
allowed to grow together. When the ridge of peri- 
thecia developed on the line of contact, individual 
ascospores were picked up with a micromanipulator 
and transferred to tubes of culture medium. The cul- 
tures developing from the ascospores were compared 


and identified as to strain. To analyze individual asci 
all eight spores were isolated from an ascus and 
grown separately. Since the asci in a perithecium 
are held together by the ascogenous hyphae, it was 
possible to analyze several asci from individual peri- 
thecia. Ordinarily when cultures were obtained from 
five ascospores from an ascus it was possible to tell 
the strain to which the missing ones belonged. 

In order to designate crosses and cultures, the 
following system was used. The original isolates 
were given the symbols Ip or O denoting their origin 
either from Ipomoea or from okra. In the crosses 
an arbitrary number was assigned to each cross from 
which ascospores were isolated. Asci from which 
individual ascospores were isolated and cultured 
were designated by capital letters, and the individual 
spores from each ascus were numbered from one to 
eight. Thus 5-K-3 indicates that the culture was iso- 
lated from cross 5 and came from ascus K. Where 
ascospores were isolated at random, numbers were 
given to the cultures, i.e., 5-16. As examples of the 
system, 5-K-3-A-4 is the symbol for a culture from 
ascus A from the culture 5-K-3, and 5-K-3-16 for a 
culture from an ascospore isolated at random from 
5-K-3. Small letters instead of numbers were used 
to designate cultures made from single conidia. 



Fig. 2. Perithecial ridge on line of contact between plus 
A (above) and conidial A strains. 

Plus a and conidial a. — Five different crosses 
were made between cultures of the plus A and coni- 
dial A strains. In each, the ridge of perithecia de- 
veloped slowly on the line of contact (fig. 2). The 
asci which formed in these perithecia were notice- 
ably longer than those produced by the plus A strain 
growing alone or those from other crosses. 

The asci from the perithecial ridges were analyzed 
by picking up the single ascospores and, after cul- 
turing, identifying the strains that developed from 
them. The distribution of strains in 60 asci is pre- 
sented in table 1. Of these asci, 44 had 4 spores each 
of the plus type and the conidial A strain, while 16 
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Table 1. Distribution of strains in 60 asci from 5 crosses between plus A a 

of Olomerella from Ipomoea. 

md conidial A 

cultures 

Cross 

number 

Parents 

Plus A X conidial A 

Number of asci in each segregation 
group 

4 plus” Total 

4 conidial A 8 conidial A asci 

7 

5-K-3 X Ip-7-1 G-m 

11 

0 

n 

35 

5-AA-4 X Ip-7-16-m 

12 

15 

27 

31 

8-A-6 X 8-A-l 

14 

0 

14 

13 

ll-F-7 X ll-D-5 

o 

1 

3 

14 

ll-K-6 X ll-L-6 

5 

0 

5 ■ 


Total asci 

44 

1C 

60 


a Since progeny tests were not made from all cultures to determine if they would produce the 
minus A strain, they are designated merely as plus. This also applies to the succeeding tables 
in this paper. 


had 8 spores of the conidial A strain. Where several 
asei were analyzed from a single peritheeium, the 
spore distribution was either in the 4:4 ratio or in 
the 0;8 ratio but not in both. This indicates that the 
two ratios were determined by the genetic make-up 
of the nuclei which entered and fused in the asci. 

It is assumed that the 4:4 ratio occurred in those 
asci into which a nucleus from the plus A strain and 
one from the conidial A strain entered and fused. If 
it is assumed that the 0:8 ratio occurred in those asci 
in which two nuclei of the conidial A strain fused, 
then the two strains would differ by one main factor 
(Aa) or a relatively closely-linked group of factors. 

That the asei giving cultures of the two parent 
strains arose as a result of a fertilization of one 
strain by the other seems reasonably clear. The ori- 
gin of the asci which gave only cultures of the coni- 
dial A strain is however not so clear. While these asci 
could have been formed either as a result of fertiliza- 
tion of one strain by the other with two nuclei of the 
conidial A strain pairing and entering the aseogenous 
hypha, or as a result of a stimulation of the conidial 
A strain to produce ascospores by the plus A strain, 
this does not preclude the possibility that some other 
explanation may be the correct one. 

That 15 of the 16 asci with the 0:8 ratio came from 
a single cross may be significant. The parent plus A 
strain in this cross appeared to be slightly different 
from other plus A strains studied. When ascospores 


of this strain were cultured, a few minus A isolates 
were obtained but most of the isolates were of the 
plus A strain. 

Minus a and conidial a. — Four different crosses 
were made between cultures of the minus A and coni- 
dial A strains, three with the form from Ipomoea 
and one with the form from okra. The perithecial 
ridges on lines of contact were not as conspicuous as 
in some of the other crosses but the asci and asco- 
spores were well-developed. The ascospores were 
isolated by picking up spores at random from 
crushed perithecia arid by picking up individual asco- 
spores from single asci. 

The identity of the isolates from 245 ascospores is 
given in table 2. These were distributed among four 
strains or strain types ; conidial A, conidial B, minus 
A, and a strain of the plus type in approximately a 
1: 1:1:1 ratio. If the conidial A and plus A strains 
differ by one factor (Aa) or a closely linked group 
of factors as indicated by the crosses described 
above, and if the plus A and minus A strains also 
differ by a single factor (Bb), which can be assumed 
from results presented in a previous paper (Edger- | 
ton, Chilton, and Lucas, 1945), the conidial A and 
minus A strains would differ by two factors ( AaBb) 
and such a distribution would be expected. The four 
genotypes should appear in the crosses between the | 
conidial A and minus A if the genes controlling the ! 
differences are not at the same locus. If they are at | 


Table 2. Strains from 2//) ascospores from perithecia formed between conidial A and minus A 
strains of Olomerella from Ipomoea and okra. 


'Cross 

number 


Parents 

Conidial A X minus A 


Number of ascospores of each strain 
Conidial A Minus A Plus Conidial B 


Total 


3 

Ip-7-15 X 

1-B-l 

Ipomoea 

18 

8 

9 

17 

59 

4 

Ip-7-15 X 

Ip-7-38 

9 

3 

4 

8 

m 

5 ■ 

Ip-7 -16-m 

X 4-17 

27 

37 

93 

19 

106 

19 

O-55-m X 

0-1-21-13 

■Okra' 

18 

m . . 

n 

16 

63 


Total 


67 

70 

48 

60 

945 
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Table 3. Distribution of strains in 23 asci from the crosses between conidial A and minus A 

cultures of Olomerella. 


Number of asci in each segregation group 


4 conidial A 

4 minus A 

4 plus 

4 conidial B 

2 conidial A 

2 minus A 

2 plus 

2 conidial B 

4 conidial A 

2 minus A 

2 conidial B 

8 minus A 

Total asci 

5 

2 

13 

1 

2 

23 


the same locus, the two parental strains only should 
appear in the cross. 

Sufficient ascospores were isolated from each of 
23 asci to determine the constitution of each. The 
distribution of the strains in these asci is shown in 
table 3. Five of the asci had four spores each of the 
minus A and conidial A strains, two asci had four 
spores each of a plus and the conidial B strains, and 
13 asci had two spores of each of the four possible 
strains. The constitution of these 20 asci indicated 
that a fertilization between the strains had occurred. 
The 2:2:2: 2 ratio found in 13 asci must have resulted 
from a segregation in the two nuclear divisions in 
the ascus and can be attributed to crossing-over. 
Both the 4:4 and the 2:2:2:2 ratios were found in 
the same perithecium. Statements could be made in 
regard to the asci with eight spores of the minus A 
strain similar to those used for the crosses between 
the plus A and conidial A strain where asci with 
eight spores of the conidial A strain were found. No 
satisfactory explanation can be given for the asci 
with four spores of the conidial A strain and two 
each of the conidial B and minus A strains. 

Six of the plus cultures which were secured from 
individual ascospores from these crosses were al- 
lowed to mature and again to produce perithecia. 
Ascospores from these perithecia were isolated in 
order to determine if they were of the plus A strain ; 
that is, if they would produce both plus and minus 
strains. From five of these, both plus and minus A 
strains were obtained. From one culture, however, 
no culture of the minus strain was obtained, although 
1594 ascospores were isolated from it and its asco- 
spore progeny. This culture which was given the 
symbol plus B was reported in a previous paper 
(Edgerton, Chilton, and Lucas, 1945). 

Minus b and conidial a. — Four different crosses 
were made between cultures of the minus B and coni- 
dial A strains. The perithecial ridges on the lines of 


contact appeared but little different from those be- 
tween the minus A and conidial A strains. Ascospores 
were isolated in two ways, by picking up spores at 
random and by picking up the individual spores from 
single asci. 

The identity of the isolates from 397 ascospores 
is given in table 4. These were distributed among 
five strains or strain types : conidial A, conidial B 
conidial C, minus B, and a strain or strains of the 
plus type. In the main, the distribution conformed 
to the pattern found in the crosses between minus A 
and conidial A strains except for a large excess of 
isolates of the minus B strain and the presence of 
a few of the conidial C strain. It is possible that the 
large number of isolates of the minus B strain re- 
sulted from picking up ascospores near the perithe- 
cial ridges which may have been produced by the 
minus B parent. The minus B strain produces asco- 
spores in great numbers and ascospores entirely of 
minus B origin could have developed at the edge of 
a perithecial ridge. No explanation is available for 
the occurrence of the isolates of the conidial C strain. 
Since all four asci came from one perithecium, it is 
possible that a nucleus genetically different from the 
plus was included in the fusion nuclei in these asci. 
Just how this occurred is unknown. 

The constitution of 48 asci was obtained by pick- 
ing up individual ascospores from single asci. The 
distribution of the various strains is shown in table 
5. In the main, the distribution in the different segre- 
gation groups was similar to that obtained in the 
crosses between minus A and conidial A strains. If 
the 14 asci containing only spores of the minus B 
strain and the four asci with the conidial C strain are 
not considered, the data indicate that the conidial A 
and minus B strains differ by two factors (AaBb') 
or two groups of factors so closely linked that they 
did not separate in the limited progeny studied. The 
evidence seems to indicate that the factor for self- 


Table 4. Strains from 397 ascospores from perithecia formed, between conidial A and minus B strains of Olomerella f rom 

Ipomoea. 


Cross Parents Number of ascospores of each strain 


number 

Conidial A X minus B 

Conidial A 

Minus B 

Plus 

Conidial B 

Conidial C 

Total 

8 

Ip-7-16-m X Ip-7-35-2-6 

11 

11 

13 

9 


44 

10 

8-A-3 X 8-A-5 

10 

70 




80 

15 

8-A-3 X 8-A-l 

19 

46 

31 

19 

13 

128 

30 

Ip-7-1 6-in X 17-F-5 

31 

54 

32 

28 


145 


Total 

71 

181 

76 

56 

13 

397 
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Table 5, Distribution o'f strains in 4$ asci from crosses between conidial A, and minus B strains 

of Otomerella. 



Number of asci in each segregation group 


4 conidial A 

4 minus B 

4 plus 

4 conidial B 

2 conidial A 

2 minus B 

2 plus 

2 conidial B 

4 minus B 8 minus B 

4 conidial C 

Total asci 

6 

3 

21 

4 14 

48 


fertility in the minus B strain is linked with the 
factor or factors responsible for the minus charac- 
ters since they segregated together. 

Ascos pores were isolated from five of the plus 
strains obtained in the crosses to determine if they 
would produce the minus A strain. All of these pro- 
duced a plus strain and the minus A strain which 
demonstrated they were of the plus A strain. 



Fig. 3. Diagram illustrating the genetic make-up of the 
different strains as shown by the various crossing tests. 


Discussion. — To make the results reported in this 
and preceding papers more easily understood, a dia- 
gram has been prepared (fig. 3). In this, the more 
common strains obtained from the original plus A 
strain and the strains from the various crosses have 
been designated by letters in an attempt to show the 
genetic make-up of each strain as indicated by the 
data from the crosses. The letters which have been 
used do not necessarily represent single genes. They 
may include a number of genes closely enough linked 
so that they did not separate in the relatively small 
populations studied. In the diagram, the conidial C 
strain was excluded for the reason given above, and 
the asei in the crosses giving eight cultures of one 
parent strain were disregarded. The evidence from 
the crosses indicates that the minus A, minus B, and 
conidial A strains are genetic entities differing from 
the plus A strain from which they came. Just how 
they arose is not clear. The phenomenon is similar 
in some respects to that reported by Lindegren 
(1984) in his paper on the inheritance of the charac- 
ters tan and normal in Neurospora, and could he 
interpreted as due to mutation. However, until fur- 
ther studies are made of the nature of the difference 
between the plus A strain which gives such a high 
percentage of minus A strains and the plus B strain 
which has given none in a rather large number of 
ascos pore cultures derived from it and its progeny, 
it would seem wise to postpone speculation as to the 
method by which these strains arise. 


Some interesting problems related to or associated 
w T ith the production of conidia in the genus Glomer- 
ella have been brought out or are suggested by the 
results reported in the present paper. 

In picking up ascogenous cultures of Glomerella 
from nature, it is found that they may or may not 
produce conidia. Some cultures produce conidia in 
such abundance that the surface of the medium is 
covered with pink spore masses. On the other hand, 
some cultures with perithecia in abundance produce 
no conidia. It seems evident that the ability to pro- 
duce conidia in culture is an inherited characteristic 
and that the factors responsible are distinct from 
the ones responsible for the formation of perithecia. 

Granting that the production of conidia is deter- 
mined by genetic factors, then it becomes important 
to explain how after numerous transfers, cultures 
sometimes seem to lose their ability to produce coni- 
dia. This loss of sporulation has been reported by 
numerous investigators and has usually been attrib- 
uted to running out or to mutations. It is recognized 
that cultures can be maintained if frequent transfers 
are made from growing hyphal tips or from newly 
formed conidia. On the other hand, if transfers are 
only made from old mycelium, deterioration of the 
cultures with the loss of sporulation is frequently 
observed. Reasoning from the observations reported 
by various workers not only with Glomerella but also 
with other fungi, the evidence indicates that the loss 
of sporulation may be due to mutation or possibly to 
a series of mutations, resulting from chromosome 
aberrations or gene changes which may have been 
brought about by malnutrition, staling products in 
the culture medium, or from some other cause. It, 
however, does not necessarily follow that the absence 
of conidia in these old cultures has the same explana- 
tion as the absence of conidia in some of the asco- 
genous cultures of Glomerella picked up in nature. 
That this is not the case is suggested by results pre- 
sented in this paper where conidial cultures were 
obtained as sectors in non-con idial cultures and from 
ascos pores from non-co nidial cultures. 

In all the crosses made between the conidial A 
strain and strains of the plus and minus types in 
which conidia were not observed, not a single culture 
was obtained in the progeny which produced both 
conidia and perithecia* As ascogenous cultures of 
Glomerella which also produce conidia in abundance 
are commonly obtained from various host plants, 
it is not quite clear why similar cultures were not 
obtained from crosses between a non-conidial asco- 
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genous culture and a conidial noii-ascogenous cul- 
ture. 

The origin of the non-eonidial ascogenous cultures 
which have been reported in the past by various 
investigators is somewhat obscure. Presumably, they 
were picked up on host material on which conidia 
were present. Whether they actually came from coni- 
dia was, however, not determined with certainty. 
That such cultures can come from conidia was indi- 
cated by some recent isolation tests. During the 
summer* of 1945 , anthracnose lesions were common 
on stems of cowpeas and soybeans in south Louisi- 
ana. From material containing both ascospores and 
conidia, the fungus was cultured by picking up 
spores. As the ascospores were decidedly curved and 
the conidia were straight, there was only a slight 
chance of confusing the two. Cultures were obtained 
from eight to ten ascospores and from a similar num- 
ber of conidia from each of two lots. All cultures 
which were obtained produced on oatmeal agar peri- 
thecia of the plus type but no conidia. This suggests 
that some of the cultures which are considered to 
be non-eonidial might on the proper substratum pro- 
duce conidia. 

For many of the species of Colletotrichum and 
Gloeosporium which have been studied in the past, 
no ascogenous stage has been reported and from 
most forms only conidial cultures have been ob- 
tained. It is possible that, as in the conidial A strain, 
perithecia would be produced if mated with the ap- 
propriate strain. On the other hand, it is possible 
that some of these have such a genetic constitution 


that they will not produce perithecia either alone or 
when mated with any strain. 

SUMMARY 

A conidial strain was obtained from a plus strain 
of a Glomerella from Ipomoea. This strain did not 
produce perithecia. 

This conidial strain was crossed with strains of the 
plus and minus types. In the crosses between the 
plus A and the conidial A, perithecia formed rather 
slowly, but in the crosses between the conidial A 
strains and strains of the minus type, perithecia 
formed more quickly. 

In the crosses between plus A and conidial A, asco- 
spores produced cultures of the plus A and conidial 
A strains. 

In the crosses between the conidial A and strains 
of the minus type, usually four different strains 
were obtained. Among the strains obtained was an- 
other conidial strain termed conidial B. 
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EVIDENCE FOR GENETIC VARIATION AMONG APOMICTXCALLY PRODUCED 
PLANTS OF SEVERAL Fi PROGENIES OF GUAYULE ( P ARTHENIUM 
ARGENTATUM) AND MARIOLA (P. INCANUM) 1 

Reed C. Rollins 2 


It is almost axiomatic that the apomictic progeny 
of an individual plant should exactly duplicate this 
plant genetically and physiologically if purely mi- 
totic cell divisions uncomplicated by somatic muta- 
tions preceded the formation of egg cells giving rise 
to this type of offspring. Actually, in guayule and 
mariola, most of the individuals of the apomictically 
produced progenies studied have conformed to this 
pattern of inheritance, but in nearly every instance 
there have been a few individuals which deviated to 
some degree. A small portion of these deviating 
maternal types were found to possess only about 
half the number of chromosomes present in the 
mother plant. These “haploid” plants, although 
maternal in their inheritance, deviate from the 

1 Received for publication June 1, 1945. 

2 Much of this work was done while the author was on 
the staff of the Special Guayule Research Project, Bu- 
reau of Plant Industry, Soils and Agricultural Engineer- 
ing, United States Department of Agriculture. 


mother plant because of the changed chromosome 
number, and because meiosis preceded the ultimate 
formation of the eggs which gave rise to them, thus 
providing a mechanism whereby genetic segrega- 
tion could readily occur. However, variants without 
differences in chromosome number were also found 
within the apomictically produced portion of given 
progenies. It is this group of plants with which we 
are concerned. Variant plants of the latter type are 
potentially a menace to the uniformity of a com- 
mercial variety or strain of guayule where repro- 
duction is largely by apomixis. Therefore, it is de- 
sirable to obtain some notion as to the frequency of 
occurrence of this type of variability. At the outset, 
it should be realized that the data presented below 
are not extensive enough to represent an accurate 
picture of the amount of variability occurring among 
apomictically produced plants of guayule as a whole. 
A much wider sample, including more diverse bio- 
logical types, is needed before inclusive generalize- 
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tions may be rightfully made upon this point. How- 
ever, the general trend is clearly indicated. 

Material and methods. — Crosses between gua- 
vule and other species of Parthenium provided ideal 
material for a study of the apomictically produced 
portion of each progeny. In each cross, pollen was 
carefully controlled using the methods tested and 
described by Powers and Rollins (1915). Progenies 
of eleven crosses using guayule as the female have 
been studied where species of Parthenium other 
than guayule (P. argentatum ) were used as the pol- 
len parent. This facilitated the recognition of plants 
produced as a result of sexuality for they were all 
interspecific hybrids. Thus the sexually produced 
plants were readily separated from the apomicti- 
cally produced portion of each progeny. Two proge- 
nies of mariola $ X guayule $ were also studied. 
Three 2n=36-chromosome “haploid” plants of gua- 
yule which reproduced largely by apomixis were 
used. Two of these came from wild sources and were 
from collections which were predominantly of the 
±: 72-chromosome group. Bergner (1944), Steb- 
bins and Kodani (1944), and Powers and Rollins 
(1945) have given the history of some plants of 
this type. They are haploid with respect to their 
immediate or recent progenitors, but are not hap- 
loids of the species. The third 36-chromosome plant 
used in these experiments was an apomictic daugh- 
ter of one of the 36-chromosome plants described 
above. Six 2n=72-chromosome guayule plants were 
used. All six plants possessed two very small chromo- 
somes in addition to the 72 of approximately equal 
size. 3 Five of these plants were from cultivated 
strains, the other came from Texas. The two plants 
of mariola used were from wild sources and pos- 
sessed 2n=54 chromosomes. 

The seeds were sprouted in a germinator and re- 
moved daily to be planted individually in 2%-inch 
unglazed pots. Plants taken from the germinator on 
a given date were kept together throughout the ex- 
periment. Comparisons were made only between 
plants of exactly the same age. Sterile pasteurized 
sand was used as a culture medium. Applications of 
one-fourth strength Hoagland’s (1939) nutritive 
solution no. 1 were made daily to the plants through- 
out the course of the experiment. The pots were 
plunged into sawdust in flats in a uniform manner 
to prevent excessive moisture loss. The pots were 
frequently shifted about to equalize the possible 
effect of position in the flat upon the growth of the 
plants. As soon as the plants reached a size where 
the leaves began to touch those of adjacent plants, 
they were separated by uniform spacing. Thus the 
possible effect of crowding or shading upon plant 
growth was eliminated. 

The total cultural treatment of the plants was 
aimed to produce a uniform environment so that 
deviations in growth rate, time of flowering, and 
phenotypical appearance occurring among plants 

Bergner (unpublished) has called the small chromo- 
somes of the type present in these plants, miniature 

chromosomes. 


of the same age and progeny would not logically be 
attributable to environmental factors. The success 
of the procedures outlined above, in excluding to a 
large extent the differential effects of environment 
upon the growing plants, is shown by the fact that 
most of the plants in each age-group of each prog- 
eny were so nearly identical that they could not be 
distinguished from each other (fig. 5). 

The progenies of guayule were studied repeated- 
ly throughout the four-month period while the 
plants grew from seedlings to flowering. The ma- 
riola plants were similarly studied, but were not in 
flower at the end of four months. At the end of the 
first month a tentative classification of the progenies 
into strictly maternal types, which included a ma- 
jority of the plants of each progeny, and deviating 
maternal types, was made. The latter included the 
plants in each age-group showing noticeable devia- 
tions of growth rate or phenotypical appearance 
from the uniform majority. The most striking dif- 
ferences observed were those of growth rate (as 
expressed by size) and the time of flowering. How- 
ever, differences in habit and those of a minor mor- 
phological nature appeared to be correlated with 
size and time of flowering. The experiment did not 
run for a long enough period to obtain the fullest 
expression of such characteristics as habit of growth. 
At monthly intervals when the plants were two 
months, three months and four months old, the classi- 
fication was recheeked. During the experiment, the 
trichome sizes of the deviating maternals were com- 
pared with the trichome sizes of the strict maternals 
in order to detect any plants which possessed a re- 
duced (In) chromosome number. Previous data 
(Rollins, 1944, and unpublished) showed that the 
trichomes of ca. 36-chromosome guayule plants are 
much shorter than those of the ca. 72-chromosome 
plants of the same strain. This method is effective 
in detecting ca. 3 6 -chromosome plants among those 
of the ca. 72-chromosome level, but plants reduced 
from the 36-chromosome group have not been found 
in guayule, and it is not known what effect a further 
reduction in chromosome number would have upon 
trichome size. 

At the conclusion of the experiment, each deviat- 
ing maternal plant was paired with a strictly mater- 
nal one of the same age for further observation and 
comparison. The pollen size of each of the deviating 
maternals was compared with that of its strictly 
maternal partner. This provided a further cheek on 
the possibility of the deviating maternals having a 
reduced chromosome number. Bergner (1944), Pow- 
ers (1945) and Powers and Gardner (1945) have 
shown that pollen size is correlated with chromosome 
number in guayule. The chromosome number of a 
portion of the paired plants was determined from 
aceto-orcein smears of root-tips. The method of 
Meyer (1945) was followed in the preparation, fixa- 
tion and staining of the root-tips. 

Experimental results. — The results of a careful 
classification of the apomictically produced portions 
of eleven Fj progenies of guayule are presented in 
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Table 1. Glassification of the "apomictically produced guayule plants obtained in eleven JP 1 progenies resulting from 

interspecific pollinations. 


Plant number of female 
parent 

Progenies 

Total 

plants 

Strictly 

maternal 

Deviating 

maternal 

Deviating 

maternal 

Reduced 

maternal 


number 

number 

number 

number 

per cent 

number 

2n = +36 chromosomes (haploids) 

42354-1 

1 

13 

12 

1 

7.6 

0 

6879-17 

1 

70 

63 

7 ' 

10.0 

0 

44-1277-1 

1 

24 

20 

4 

16.6 

0 

Total 

3 

107 

95 

12 

11.2 

0 

2n = ±72 chromosomes 51 

42268-IV 

1 

38 

38 

0 

0 

0 

416-11 

1 

65 

63 

2 

3.0 

0 

593-V 

3 

190 

181 

9 

4.7 

0 

42440-1 

1 

68 

62 

5 

7.4 

1 

593- VII I 

1 

51 

47 

4 

7.8 

0 

593-1 

1 

82 

72 

10 

12.2 

0 

Total 

8 

494 

463 

30 

6.0 

1 


a Each plant of the six included under this heading possessed 72 chromosomes of about the same size plus 2 chro- 
mosomes of very much smaller size. 


table 1 . These data show that the plants of only one 
progeny of the eleven were completely uniform. In 
all the others, there were some plants which deviated 
from the uniform majority. In some cases the devi- 
ating plants showed markedly slower growth when 
compared to sister plants of the same age, while in 
others the differences were not as great (fig. 1—8). 
Since the environment was uniform for all the plants 
involved, it seems justifiable to assume that genetic 
differences were responsible for the variation pres- 
ent within the same age-group of a given progeny. 
Furthermore, since a great majority of the plants 
of each progeny were strictly maternal, it seems 
clear that some type of genetic segregation occurred 
in the mother plant of each progeny either prior to 
or during the course of the formation of the seeds 
which gave rise to the deviating maternal plants. 

It was known from previous studies (Bergner, 
1944; Stebbins and Kodani, 1944; Powers and 
Rollins, 1945) that “haploids” from 72-chromosome 
strains occurred in guayule. Powers and Rollins 
(1945) have shown that this type of plant arises by 
reduced pseudogamy. Preliminary tests showed that 
a number of “haploid” plants produced viable seeds, 
and that they were largely formed apomictically. 
It was reasoned that if the variation found to occur 
among the apomicts of a given age-group of a prog- 
eny of 72-chromosome plants were assuredly attrib- 
utable to genetic rather than environmental factors, 


then “haploids” derived from 72-ehromosome plants 
should show similar results. The data of table 1 show 
that this was the case. Plant 44-1277-1 was an apo- 
mictic daughter of plant 6879-17, and a chi-square 
homogeneity test shows that there is no significant 
difference between these two plants with respect to 
the number of deviating maternal plants produced. 
This was to be expected if plant 44-1277-1 arose 
through nonsegregating apomixis, as was presumed 
to be the case on the basis of a comparison of this 
plant with other members of the same progeny. 

Similar variations to those in guayule were found 
to occur among the strictly apomictic portions of two 
F* progenies of mariola. Due to an oversight, quan- 
titative data showing the frequency of occurrence of 
the deviating maternal plants were not taken. How- 
ever, the percentage of deviating mater nals was 
known to be less than five per cent of the total num- 
ber of apomicts in each progeny. Figures 7 and 8 
show strictly maternal and deviating maternal plants 
of mariola. 

The whole evidence thus far considered leads to 
the conclusion that the variation found within the 
apomictically produced portions of F x progenies of 
both guayule and mariola is of genetic origin. 4 A per- 

4 Progeny tests of the deviating maternals were desired, 
but were impossible to obtain aue to the unavailability 
of the necessary assistance. It should be borne in mind 


that progeny testing in this material is complicated by 
the presence of facultative apomixis and the present lack 

right was a deviating maternal— Fig. 4. Two pairs of apomictic guayule plants. The pair at the left were offspring 
of plant 593-V. The right hand plant of the pair shows only slight deviations from the strictly maternal plant at the 
left, The pair at the right were offspring of 593-1. The left hand plant of this pair shows marked deviations from its 
strictly maternal mate at the right. All four plants were 92 days old,— Fig. 5. Twelve strictly maternal guayule plants. 
They were the offspring of plant 416-11 and were about 4 months old'— Fig, 6. Two pairs of apomictic guayule 
plants with about 36 chromosomes. The pair at the left were offspring of plant 6879. The pair at the right were 
offspring of plant 44-1277-1. The smaller plants were the deviating maternals in each case.— Fig. 7. Four apomictic 
mariola plants 109 days old. All were offspring of plant 43684-111. The smaller plants were deviating maternals,— 
Fig. 8. Four apomictic mariola plants 124 days old. All were offspring of plant 4275- VI. The three plants at the left 
were strictly maternal, the one at the right was a deviating maternal. 
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tinent question is* what is the source of this genetic 
variation among plants which upon a priori grounds 
would be expected to be uniform. Since only mater- 
nal chromosomal material is involved in the produc- 
tion of the deviating maternal plants, the assump- 
tion that some type of genetic (or cytological) 
change occurred during the production of this type 
of plant is inevitable. Whether this change occurred 
in the somatic tissue (Jones, 1941) of the mother 
plant prior to the formation of the reproductive 
structures, in the generative tissue, or subsequently, 
during the formation of the female gametophyte, 
cannot be determined from the data available. No 
cyto-embryological study of guayule and mariola 
has been made or is contemplated for the purpose of 
attempting to establish what mechanism in the par- 
ent plants provided for the genetic segregation evi- 
dent. Nevertheless, some evidence as to whether the 
loss or addition of whole chromosomes was involved, 
was obtained by carefully determining the chromo- 
some number of some of the deviating maternal 
plants in comparison with the chromosome number 
of the strictly maternal plants of the same progeny. 

Plant no. 42440-1 possessed 2n=72 chromosomes 
of about the same size plus two chromosomes of defi- 
nitely smaller size. An examination of five strictly 
maternal F* plants from plant 42440-1 gave the 
same results. All five deviating maternals of this 
same progeny also possessed 72 chromosomes of 
about equal size and two smaller chromosomes. In 
working with chromosome numbers as large as these, 
there are chances for error, but the slides were re- 
peatedly studied and many preparations were made 
in an attempt to minimize the errors in counting. 
Chromosome counts were made on at least one or two 
deviating maternal plants of the other progenies 
where they were present. In each case the chromo- 
some number was alike in the deviating maternal 
plant and the strictly maternal plants of the same 
progeny. Even though a chromosome number analy- 
sis was not made for all the deviating maternal plants 
obtained, the sample so analyzed indicated that 
change in chromosome number was not an important 
factor in producing the genetic differences obtained. 

The pollen size and trichome size of all deviating 
maternal plants of all progenies of guayule included 
in this study were determined and compared with 
strictly maternal plants of the same progeny in each 
case. The size-range of the pollen and of the tri- 
chomes was not widely different from that of the 
strictly maternal material. If the deviating maternal 
plants had possessed a chromosome number differ- 
ing as much as 18 chromosomes, size differences in 
both pollen and trichomes would have been easily 
detected (Bergner, 1944; Rollins, 1944, 1945; Pow- 
ers, 1945). Thus it is certain that even in those de- 
viating maternal plants where chromosome counts 
were not made, the chromosome number did not dif- 
fer to any large degree from that of the strictly ma- 
ternal plants of the same progeny. 


of knowledge as to how apomixis is inherited in guayule 
-and mariola. 


Apomixis in guayule has been shown by Esau 
(1944) to be of the type of generative apospory 
That the application of pollen is essential for 
the production of viable seed in guayule and ma- 
riola has been shown (Powers and Rollins, 1945 * 
Rollins, 1945). Therefore, apomixis in these species 
is pseudogamous. That the deviating maternal plants 
among the progenies of at least three plants given in 
table 1 were also obtained by pseudogamy, is shown 
by unpublished data on plant 593-V, 42268-IV and 
42440-1. Where emasculation and nonpollination 
were practicised on these plants, no viable seeds 
were produced. These data are to be presented in 
another publication. 

Discussion. — Previously a single plant compara- 
ble to the deviating maternal plants of the present 
paper was reported by Powers and Rollins (1945), 
and it was there suggested that it probably arose by 
“pseudogamous diplospory.” The likelihood of this 
particular plant having arisen as a result of contami- 
nation seemed extremely remote, since pollen con- 
trol was demonstrated to be entirely effective. Fur- 
thermore, even if a small amount of contamination 
occurred, the chances of a few pollen grains being 
effective in normal fertilization in a highly apomietic 
mother plant makes the possibility of the daughter 
plant in question being one which arose by normal 
sexuality even more unlikely. The possibility that 
somatic segregation took place affecting the tissues 
which gave rise to the functional gametophyte was 
not discussed. 

Since the present study was completed, Powers 
(1945) has interpreted a portion of his data as indi- 
cating that diplospory occurs as a method of repro- 
duction in the offspring of a certain unusual “inter- 
mediate type” plant of guayule from Texas, His 
results clearly show that genetic segregation oc- 
curred among the normal plants produced in first, 
second and third generation progenies. However, a 
definitive separation into two groups of the normal 
plants which showed evidence of having arisen by 
some method of reproduction allowing segregation 
to occur, depending upon whether they arose by 
sexual reproduction or by diplospory, was not made. 
The clear demonstration that diplospory (or somatic 
segregation) occurred in this material was depend- 
ent upon an effective separation of the plants into 
these two categories. It is doubtful whether this 
separation could have been made without the benefit 
of wide crosses and rigorous pollen control, or the 
establishment of the actual extent of heterozygosity 
present in the parental types for comparative pur- 
poses. In spite of the possibility that sexuality may 
have accounted for all of the instances where genetic 
segregation was shown to have occurred, the prob- 
ability that this was not the case is indicated by the 
results presented above. 

Our own data show that genetic segregation oc- 
curred in a number of guayule and mariola plants 
prior to, or during the genesis of a low percentage of 
their apomictically produced offspring. This segre- 
gation could have taken place as a result of genetic 
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chan ges in the somatic cells, ultimately giving rise 
to the female gametophyte ; or it may have occurred 
during the formation of the gametophyte as a result 
of atypical mitotic nuclear divisions. Jones (1941) 
has reviewed the literature of somatic segregation 
and listed some of the ways in which this type of 
genetic segregation may occur. Genetic changes oc- 
curring within the somatic body of the same plant 
give rise to chimeras (Neilson- Jones, 1937). These 
may be detected easily where superficial portions of 
the plant are visibly affected, but undoubtedly visi- 
ble differences are not present in by far the greatest 
proportion of chimeras occurring in plants. That 
chimeras may be an important source of genetic 
variation has been shown for citrus by Frost (1926) 
and in Webber and Batchelder (1943). Visible chi- 
meras are not rare in guayule and have been repeat- 
edly observed. In some of these, observable differ- 
ences are present in parts of leaves or stems, while 
in others, whole buds or branches differ from the rest 
of the plant. However, no chimeras were seen in the 
guayule and mariola material used in the present 
study. Nothing is known concerning chimeras in 
guayule and mariola where differences between tis- 
sues or organs of the same plant were not apparent. 
Somatic segregation resulting in chimeras where 
whole flowers, flower-heads or a portion or all of a 
flowering branch deviated from the rest of the plant 
must be considered as a possible explanation for the 
results obtained in the breeding experiments re- 
ported above. 

A more plausible explanation may be obtained 
by assuming that imperfect mitoses, having some 
meiotic characteristics, occurred during the forma- 
tion of the female gametophytes. The work of Gus- 
tafsson (1935, 1939), Gentscheff and Gustafsson 
(1940) and Fagerlind (1940) has emphasized the 
interrelationship of mitosis and meiosis particularly 
in the generative cells of apomictic plants. It has 
been shown that nuclear divisions occur in which the 
chromosomes are not reduced in number, but some 
or many of the characteristics of meiosis may be seen. 
Such divisions in the megaspore mother cell may or 
may not be followed by the production of diplo- 
spores. Transitional types of nuclear divisions in the 
female organs of a number of apomictic plants have 
been found (Gustafsson, l.c., Stebbins, 1941). The 
combination of nonreduction of chromosomes with 
the synapsis of at least some of the chromosomes in 
a single nuclear division would provide the condi- 
tions necessary for a logical explanation of our re- 
sults. This would allow for both genetic segregation 
and nonreduction to occur in the formation of a given 
female gametophyte. Thus, the differential charac- 
teristics of the deviating maternal plants described 
in our experiments might easily have arisen as a re- 
sult of the occurrence of synapsis followed by genie 
segregation in a few to several of the chromosomes. 

Undoubtedly pseudogamy is a later phylogenetic 
development than sexuality, and pseudogamous 
plants probably arose from sexual plants. Aside 
from the physiological changes involved, the mor- 


phological and cytological changes which took place 
in converting a sexual type to an unreduced pseudo- 
gamous type must have been gradual, as postulated 
by Powers (1945). The series of changes with which 
we are most concerned involved the displacement of 
meiotic nuclear divisions with mitotic divisions in the 
cells giving rise to the female gametophyte. It is un- 
likely that these changes occurred all at once. 
Rather, it is more probable that the change from 
meiosis took place gradually. The fact that unre- 
duced pseudogamy in guayule and mariola as well as 
in other plants is facultative, supports this idea. 
Furthermore, it is usually assumed that the cellular 
environment of the megaspore mother cell, in sexu- 
ally reproducing plants, is largely responsible for 
its development from a potential somatic cell into a 
generative cell whose nuclear contents divide by 
meiotic divisions. The change to mitotic divisions 
as in generative apospory reflects a change in this 
environmental influence. Since the environment is 
complex, and major changes would involve a whole 
pattern, it is doubtful whether this would have taken 
place climactically. Thus, intermediate stages of nu- 
clear division having some of the characteristics of 
mitosis and some of meiosis might reasonably be ex- 
pected where the environmental control was not com- 
plete for one type of nuclear division or the other. 

If it is conceded that nuclear divisions interme- 
diate between meiosis and mitosis occur in the devel- 
opment of functional female gametophytes in plants, 
then it seems probable that this type of gametophyte 
development also takes place in guayule and mariola. 
Furthermore, it is probable that diplospory is com- 
monly involved in the production of the deviating 
maternal plants obtained in the experiments de- 
scribed above. Under these circumstances, the nu- 
clear divisions preceding megaspore formation are 
not strictly apomeiotic (Stebbins, 1941). 

SUMMARY 

The apomictically produced portions of eleven Fi 
progenies of guayule and two F* progenies of ma- 
riola, all resulting from interspecific pollinations, 
were grown for four months under uniform environ- 
mental conditions. Comparisons of plants of exactly 
the same age within these progenies showed that 
most of them were so nearly alike that they could 
not be distinguished from each other. However, in 
all but a single progeny, a small proportion of the 
plants deviated from the uniform majority. Since 
the environmental factors influencing growth were 
kept exceedingly uniform for all of the plants grown, 
it was concluded that the phenotypieally different 
plants arose because of some type of genetic segre- 
gation in the mother plant in each instance. 

Chromosome counts on a number of the deviating 
maternal plants showed that they possessed the same 
chromosome number as their parent. One haploid 
plant was found. Since normal meiosis could not have 
been involved in the production of the female game- 
tophytes ultimately giving rise to the unreduced de- 
viating maternal plants, the genetic segregation 
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which occurred must have taken place in some other 
way. Somatic segregation was suggested as a possi- 
bility, but it was considered that nuclear divisions 
with some features of meiosis and some of mitosis 
preceding gametophyte formation offered a more 
plausible explanation. If the latter were true, then 


it was assumed that the deviating maternal plants 
arose most frequently by pseudogamous diplospory 
or semiapospory. 

Natural History Museum, 

Stanford University, California 
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A CYTOGENETIC STUDY OF POLYEMBRYONY IN ASPARAGUS 

OFFICINALIS L. 1 

Thomas E. Randall and Charles M. Rick 


In a review of polyembryony, Braun (1860) men- 
tions the observation by Mettinius of multiple seed- 
lings in garden Asparagus , A. officinalis L. The ap- 
pearance of several twin seedlings in cultures of 
Asparagus at the California Agricultural Experi- 
ment Station in 1939 and 1940 stimulated the pres- 
ent study. This species, having an abundance of mul- 
tiple seedlings, is an attractive subject for an inves- 
tigation of the nature and origin of polyembryony. 

Since the literature of polyembryony has been re- 
viewed and the applications of this phenomenon in 
cytogenetic research and plant breeding have been 
discussed recently by Webber (1940), these aspects 
need not be treated here except as they apply to 
polyembryony in Asparagus „ 

Two techniques serve as avenues of approach in 
ascertaining the origin and development of multiple 
seedlings arising from a single seed. One is a study 
of the embryologieal development, chiefly by means 
of microtome sectioned material. The other is a study 
of the cytogenetic characters of plants that originate 
1 Received for publication June 5, 1945. 


as multiple seedlings ; in this way, the mechanics of 
fertilization and subsequent development may be 
deduced. The developmental method, when properly 
interpreted, provides a means of absolute determina- 
tion. Its chief disadvantage is that only a few ovules 
can be secured at different stages of development, 
because of the commonly very low frequency of poly- 
embryony. The use of this method is well exemplified 
in the recent work of Cooper (1943), establishing 
the origin of haploid-diploid twin embryos in Lilium 
and Nicotiana. The genetic method offers a way to 
discriminate accurately between certain types of de- 
velopment; for example, a monozygotic origin can 
be distinguished from a dizygotic origin by resem- 
blances or differences in genetic characters. The 
chief limitation is that this method cannot distin- 
guish certain types of polyembryonic development. 
For example, it cannot indicate which specific nuclei 
function in cases where only a single embryo sac is 
involved. In the present survey the genetic approach 
is chiefly used, although certain developmental evi- 
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dence is also provided by a study of gross morpho- 
logical details during germination. 

To ascertain the range of frequencies of polyem- 
bryony, seed samples were tested from as many 
diverse sources as feasible. Of 36 lots of seed, five 
were obtained from controlled pollinations; five rep- 
resented different horticultural varieties, in each of 
which seed w T as massed from several plants ; the re- 
maining 26 were obtained from various open-polli- 
nated pistillate plants, mostly derived from the vari- 
ety Mary Washington. These pistillate plants were 
subject to considerable hybridization with many 
staminate plants of unrelated lines, which might 
have masked differences between pistillate plants; 
nevertheless, the seed lots thus obtained were geneti- 
cally different as witnessed by the differences in 
many seedling characters. Mr. G. C. Hanna of the 
California Experiment Station kindly furnished 
most of the seeds used in this work. 

The seeds were planted in flats of sand by means 
of a vacuum-operated seed-counting plate in order 
to space uniformly, thereby facilitating the subse- 
quent detection of multiple seedlings. Five hundred 
or more seeds of each lot were sown. Germination 
was satisfactory, usually amounting to 80 per cent 
or higher. Frequencies were ascertained when ger- 
mination had been completed — that is, from four to 
six weeks after sowing. 

Chromosome numbers were determined in micro- 
tome sections of root tips. Root tips collected when 
seedlings were removed from the sand were general- 
ly satisfactory for this purpose. For confirmatory 
counts, however, root tips were collected from the 
seedlings growing in soil to which they had been 
transplanted after removal from the sand. The de- 
termination of chromosome number was often re- 
peated independently in several tips where the num- 
ber was twenty — the normal diploid count — and 
always repeated where a heteroploid number was 
observed. The very high percentage of agreements 
between such repeated observations attests the re- 
liability of single counts. Root tops were fixed in 
Navaschin’s fluid and stained with iodine-crystal 
violet according to Newton’s method. 

Frequency of polyemhryony. — In all, 405 multi- 
ple seedlings were obtained in the germination tests. 
Table I shows their frequencies in the 36 seed lots 
tested. The mean frequency of all seed lots is 0.95 
per cent. This average of nearly one per hundred is 
considerably higher than the usual frequency of 
polyemhryony observed in angiosperms, according 
to Webber’s review (1940). 

The lowest and highest frequencies observed were, 
respectively, 0.13 per cent in a seed lot that was the 
product of a controlled cross, and 3.54 per cent ob- 
served In a massed seed lot of the variety ArgenteuiL 
Statistically the difference between these two figures 
and between many other paired frequencies is highly 
significant, indicating an influence of the genotype 
upon the frequency of polyemhryony. Thus, selec- 
tion might increase the production of multiple seed- 
lings in Asparagus. Kappert (1933) increased the 


Table I. Frequency distributions of the -percentages of 
different types of multiple seedlings in 36 tested 
seed lots. 


Percentage 
class mean® 

Separate 

multiple 

seedlings 

Conjoined 

multiple 

seedlings*’ 

Total 

multiple 

seedlings 

0.20 

19 

23 

9 

0.60 

10 

9 

12 

1.00 

3 

2 

6 

1.40 

1 


4 

1.80 

2 



2.20 

1 

2 

1 

2.60 



3 

3.00 




3.40 



1 

Total 

' 36 

36 

36 


* Class interval is 0.40 per cent. 

b Triplets and quadruplets conjoined in any manner are 
classed as conjoined multiple seedlings. 


yield of multiple seedlings in Linum usitatissimum 
from 0.01—0.04 to 8-9 per cent by selection in four 
generations. 

The conditions of germination may affect the fre- 
quency of multiple seedlings observed. Thus, when 
the total percentage germination was reduced by 
adverse conditions — for example, abnormally high 
temperature — the percentage of polyembryonic 
seedlings decreased markedly below the percentage 
of the same lot germinated under more favorable 
conditions. Probably not all of the multiple embryos 
present in dormant seed develop into seedlings, even 
under highly favorable circumstances. Certain em- 
bryos (a typical example appears in fig, 4) are com- 
paratively very small; it is unlikely that these al- 
ways survive in competition with their larger mates. 
A similar effect of environment was observed by 
Kappert (1933). 

Description of multiple seedlings. — Two or more 
seedlings emerging from a single seed are defined as 
a multiple seedling; the non-multiple or normal type, 
in which the sole product of germination of a seed is 
a seedling having a single shoot and single primary 
root, is referred to as a single seedling . 

The multiple seedlings encountered in this survey 
can he conveniently described according to three 
aspects : morphology, number of members, and chro- 
mosome number. 

A striking morphological feature is the frequent 
attachment existing between members of a multiple 
seedling. Multiple seedlings may be readily classi- 
fied, therefore, into separate and conjoined types. 

The separate type is defined as the multiple seed- 
ling between whose members no direct morphologi- 
cal attachment exists. Typical examples are illus- 
trated in figures 1—4. Each seedling draws upon 
endosperm reserves by means of its own cotyledon 
and at the time of germination may be removed indi- 
vidually from the seed and grown to maturity with- 
out difficulty. Each exists as a separate embryo in 
the seed (fig. 10, 11). The percentages of separate 
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type multiple seeedlings in the 36 seed lots are 
given in table 1. 

Table 2. Frequencies of the different types of multiple 
■ seedlings . 


Type 

Number 

Percentage 

Separate twin seedlings 

222 

54.8 

Conjoined twin seedlings 

171 

4 2.2 

Triplet seedlings* 

11 

2.7 

Quadruplet seedlings* 

1 

0.3 


* Members are conjoined to varying degrees in six of 
the 12 triplets and quadruplets. 


For convenience the designation “conjoined” is 
given to seedlings whose members are morphologi- 
cally attached to each other. Of the 405 multiple 
seedlings obtained, 171 (42.2 per cent) were con- 
joined, 222 (54.8 per cent) were separate, and 12 
(3,0 per cent) consisted of three or more members 
(table 2). The degree of attachment varies from a 
slight bond of tissue at the hypocotyl to complete 
union save a bifurcated shoot or root. Often the con- 
joined parts are distinctly fasciated, as illustrated 
in figure 5. Attachment always involves the hypo- 
cotyl region and usually part or all of the primary 
root. The multiple seedling possessing a double 
shoot and single primary root (fig. 6) is the type 
most frequently encountered. 

Asparagus seedlings have been observed to de- 
velop double shoots or double roots as a result of 
injury to the growing point during sprouting of the 
seed. This type might be classified with conjoined 
twins since, as will be demonstrated in a following 
section, both are mainly derived by incomplete cleav- 
age of a single initial embryo. The type resulting 
from injury differs from the conjoined type, how- 
ever, in the course of subsequent development and 
in the higher frequency of heteroploid chromosome 
numbers in the latter group. 

The intrinsically double nature of the conjoined 
type can be demonstrated four to six weeks after 
germination, when the majority develop separate 
growing points. Each of the two crowns produces 
its own set of roots and shoots, the two remaining 
conjoined only at the original locus of attachment. 
Figure 7 illustrates the emergence of roots, each 
below one of the two separate shoots originally con- 
joined by a single root shown at the right. Figure 8 


shows a later stage in the independent growth of a 
conjoined twin seedling, which earlier had resem- 
bled the twin seedling in figure 6. 

A sample of 34 conjoined twin seedlings was in- 
spected six weeks after germination — that is, about 
ten weeks after sowing. Of these, 26 had already 
developed separate systems of roots and shoots ; they 
could be separated readily and grown as individual 
plants. By this time the bond of tissue connecting 
members had disintegrated in many of these twins. 
Within six months the remainder could be divided. 

This test of the independent condition of multiple 
seedlings of the conjoined type would not be valid if 
seedlings of the single type could be similarly di- 
vided. However, one cannot split seedlings of the 
single type into viable divisions at comparable stages 
of growth. Thus, after four months of growth, only 
one seedling could be successfully divided in a sam- 
ple of 28 single seedlings derived from a plant that 
produced a high percentage of conjoined twins. 

Braun (1860) describes and illustrates instances 
of similar attachment in the polyembryony of Al~ 
chornea ( Coelebogyne ) ilicifolia . The same phe- 
nomenon was observed by Kappert (1933) in Linum 
and by Webber (1938) in Gossypium . 

In respect to the number of members, the multi- 
ple seedlings were nearly all twins ; only three per 
cent consisted of three or more members. Of the 
latter, eleven were triplet seedlings, one a quadru- 
plet. In these higher multiples the relation among 
members varies from complete separation of all 
members to union of all. One or more members were 
usually very weak, and many seedlings failed to 
survive, so that the survey of chromosome numbers 
for this group is very incomplete. 

Tables 3 and 4 summarize the distribution of chro- 
mosome numbers in twin seedlings of the separate 
and conjoined type. Chromosome counts were made 
in all but 1 3 per cent of the plants derived from twin 
seedlings. This proportion represented plants that 
failed to survive because of chlorophyll deficiency, 
of otherwise weak genotypic constitution, or of dis- 
ease. The undetermined member was smaller in the 
majority of the twin seedlings whose other member 
was determined. 

Typical of observations on polyembryony, the 
diploid number, 20, was the most frequent one ob- 
served. The heteroploid plants obtained exhibited 
the following chromosome numbers; 30 (triploid), 
21 (trisomic), 10 (haploid), and 40 (tetraploid), 


Fig. 1-12.— Fig. 1-8. Various types of multiple seedlings photographed at several stages of growth following ger- 
mination.*— Fig. 1. Typical separate type twin seedling in which both members are diploid. X V#.— Fig. 2. Separate 
twin seedling in which the left member is diploid, the right, haploid. X Fig. 3. Separate pair in which left mem- 
ber Is a recessive chlorophyll-deficient seedling, the right, a normal green seedling. X Va — Fig. 4. Separate type trip- 
let. Shoot of the leftmost member is approximately twenty times as long as that of the rightmost member. Chromo- 
some numbers undetermined. X 2.— Fig. 5. Conjoined type diploid twin seedling showing fasciation of the greater 
part of the existing primary root. X 1.— Fig. 6\ Conjoined diploid twin seedling of the most frequent type having a 
primary root single throughout its length. X Vs.— Fig. 7. Initiation of roots from each of two independent crowns of 
a conjoined twin seedling similar to that in figure 6, X4— Fig. 8. Later stage in the independent growth of two 
crowns originating as in figures 6 and 7. Note the nearly identical growth rate of the two seedlings, x%.— Fig. 9-12, 
Seeds dissected in order to expose embryos. X 10.— Fig. 9. Typical seed with single embryo.— Fig. 10 and 11. Twin 
embryos with no morphological connection between members.— Fig. 12. Twin embryo conjoined in a fasciated man- 
ner throughout its length. 
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Table 3. Distribution 

of chromosome numbers among the larger and 
separate twin seedlings. 

smaller 

members of 

Number of twins 
whose larger member 
has the chromosome 

Number of twins whose smaller member has the chromosome number 

Undeter- 

number 

10 

20 81 

30 

40 

mined 

10 

1 




2 

20 

3 

150 2 

5 

1 

27 

21 


5 .. 




28 


1 




30 


5 

1 



Undetermined 


8 1 



10 


M f 
| ' 

4 

i; ■ 4: 


listed in order of observed abundance. A plant with 
28 chromosomes also appeared in a twin seedling. 
The relatively high frequency of trisomics was unex- 
pected according to previous observations on poly- 
embryony (cf. Webber, 1940). A diploid member 
was present in every pair of separate twins except 
in two cases in which the two members were identical 
for a deviating number. 

Table 3 indicates the chromosome number of the 
larger and the smaller members of separate twin 
pairs. Relative size was determined at the time of 
germination. As in figure 2, the haploid member of 
the haploid-diploid pairs was always much smaller 
than its diploid mate. In other associations of unlike 
chromosome numbers, the heteroploid member dis- 
played greater vigor as often as the diploid member. 
Twin seedlings whose members were nearly identi- 
cal in size, and were very similar to each other in 
other morphological respects, very often possessed 
the same chromosome number. Otherwise, and ex- 
cept for the haploid-diploid twins just mentioned, 
the degree of difference in size seldom gave any clue 
as to chromosome number or the origin of polyem- 
bryony— -an observation contrary to the findings of 
Mlintzing (1937). 


Table 4. Summary of chromosome numbers of twin 
seedlings. 


Chromo- 

some 

numbers 

Plants derived from 
separate twin seedlings 

Number Per cent a 

Conjoined twin 
seedlings 

Number Per cent 3 

10 

7 

1.8 

3 2.1 

20 

357 

92.5 

138 95.2 

21 

8 

2.1 

3 2.1 

28 

1 

0.3 


30 

12 

8.1 


40 

1 

0.3 

1 0.7 

Undetermined 58 


26 

Total 

444 


171 


* Per cent of those whose chromosome number was 
determined. 


The distribution of chromosome numbers in the 
conjoined twin seedlings closely resembles that of 
the separate type (table 4). A noteworthy excep- 


tion is the complete absence of triploids in the con- 
joined group. 

Although only ten haploids survived to the seed- 
ling stage in this experiment, many more may have 
perished before their chromosomes were counted. 
Many lethal genes and weak genotypes exist in this 
species, and even the best available strains display 
considerable variation. This highly heterozygous 
condition is expected because propagation solely by 
cross-pollination is ensured by the dioecious condi- 
tion and because uniformity has not been sought 
consistently in former breeding work and seed pro- 
duction. Presumably only the haploids that are for- 
tunate in possessing non-lethals and an otherwise 
favorable genotype survive germination. Since it is 
usually paired with a diploid embryo, whose weak 
genes would mostly be masked by stronger alleles, 
the haploid embryo is subject to extreme competi- 
tion. Furthermore, certain evidence indicates that 
haploidy per se results in a less viable sporophyte. 
Thus, in tomatoes, haploid clones are considerably 
weaker than the diploid clones of identical genotype 
derived by chromosome doubling from the haploids 
(Rick, unpublished). It seems significant in this 
connection that the haploid seedling is always much 
smaller than the accompanying diploid (table 3, 
fig. 2). 

The production of homozygous diploids by doub- 
ling the chromosome number of haploid sporophvtes 
has often been advocated as a quick method of ob- 
taining pure lines. In cross-pollinated crops such as 
Asparagus , this method would offer the additional 
advantage of selecting the most vigorous genotypes, 
the weaker ones being eliminated by the severe se- 
lection in polyembryonic development and in later 
growth of the seedling. The vigorous genotypes thus 
selected might prove valuable horticultural material 
per se, or they might serve as useful inbred lines for 
the production of ¥ 1 hybrid seed. To double the 
chromosome number of the Asparagus haploids 
would serve no immediate purpose, since, by virtue 
of the sex-determining mechanism of this species, 
all parthenogenetic haploids are pistillate and thus 
incapable of sexual propagation by themselves. If, 
however, homozygous staminate lines could be found, 
the opportunity of utilizing hybrid vigor would be 
realized. A method for obtaining such lines exists 
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Table 5. Analysis of distribution of sex in twin seedlings of the separate type . 



Combinations of sexes 




25 

c?c? 

5c? 

Total 

P 

Number of pairs observed 

. 30 

23 

26 

79 


Number of pairs expected 
(random association) 

. $3.4 

16.4 

39.2 

79 


x 2 (1 d.f.) 

1.86 

2.66 

4.44 

8.96 

<0.01 

Number of pairs expected 
(one third monozygotic) . . . 

. 29.9 

22.9 

26.1 

79 

... 


in the utilization of perfect flowers produced tera- 
tologically by certain lines (Rick and Hanna, 1943). 
Since the seeds produced by these flowers probably 
arise from self-pollination, propagation for several 
generations by selection of these seeds would pro- 
duce inbred staminate lines. This selection should 
also lead to rapid fixation of the male-determining 
factor. The combination of such inbred staminate 
lines with homozygous pistillate lines derived from 
haploids would therefore offer, in addition to hybrid 
vigor, the advantage of producing hybrid progeny 
consisting solely of staminate plants, which gener- 
ally outyield pistillate plants. 

Development of the separate type . — Cytogenetic 
studies were employed to reveal certain aspects of 
the origin of this type of polyembryony. The most 
conclusive evidence is provided by two Mendelian 
characters segregating in this material. Sex in this 
species, as in most dioecious angiosperms, segregates 
in a 1:1 ratio determined by a single factor (or chro- 
mosome) pair, the male sex being heterogametic 
(Rick and Hanna, 1943). 

Sex of both members was determined in 79 twin 
seedlings of the separate type. All plants were di- 
ploid. The distribution of sexes observed is presented 
in table 5. Although staminate plants are deficient 
in this total, the deviation is too small to be sig- 
nificant. 

A chi-square test is applied to determine whether 
the excess of twins identical for sex is significant. 
If the expected number of pairs were calculated for 
this test by assuming random association of equal 
numbers of each sex, the measure of error would 
include the deviation from normal sex ratio in addi- 
tion to the deviation from the expected number of 
identical twins. The expected number is therefore 
calculated by assuming random association of the 
observed numbers of each sex. The same procedure 
is followed in calculating the expected values in 
table 6. If a represents the observed number of 9 9 
twins, b, the number of S $ twins, c, the number 
of 9 S twins, and a', //, and c, the corresponding 
expected values, this assumption may be represented 
as follows: 

a + % c = + *4c' = 43, and 

b + y 2 c = V + %<?' = 36. 

These conditions constitute one linear restriction in 
addition to the other implied in the assumption that 
. U *4" b c zz: a* •*-}*" h f ~j- c f zzz 79. 


Since there are three classes, these two linear re- 
strictions leave but one degree of freedom. The chi- 
square thus obtained indicates a highly significant 
excess of twins identical for sex. 

The combination of a pistillate and a staminate 
member proves the dizygotic origin of 26 of the total. 
The significant excess of twins identical for sex 
probably reflects the presence of an appreciable num- 
ber of monozygotic twins. Although the data do not 
reveal the exact number of monozygotic twins pres- 
ent, a rough estimate can be derived by fitting to the 
data distributions expected on various assumptions. 
A very close fit to the observed numbers is obtained 
if one third of the total twins are assumed to be 
monozygotic, the remainder, dizygotic (table 5). 

If the twin seedlings of identical sex include twins 
of monozygotic origin — that is, twins identical in all 
respects — then the resemblance in seedling length 
between members of a pair should be greater in the 
group identical for sex than in the group differing 
in sex. The mean ratio of seedling length (smaller/ 
larger member) for the former group is 0.70; for 
the latter group it is 0.64. Thus, despite the rela- 
tively great variation in seedling length, even within 
such groups as are later proved to be monozygotic, 
this expectation is realized. 

The other genetic character, purple anthocyanin 
coloration of the stem base and bracts of the newly 
emerged shoot, segregates as if conditioned by a 
single dominant basic color factor, The determina- 
tion of the degree of coloration, being vastly more 
complex, will not be considered here. Inasmuch as 
the seed was mostly derived from open-pollination, 
green seedlings appeared, not in the usual one half 
or one fourth, but in smaller proportions of the total 
seedlings in these lots. Furthermore, so few seed- 
lings are involved, that statistical comparisons are 
not warranted. The significant data are presented 
in table 6. The dizygotic origin of twins of differing 
sexes is verified, for stem colors are associated at 
random in twins of this group. As expected, some 
twins differing in color are found in the group that 
are identical for sex, but fewer of the former exist 
than are expected if colors are distributed at random. 
If one third of all separate twins are monozygotic, 
one half of those identical for sex should be mono- 
zygotic. The numbers expected on the basis of one 
half monozygotic twins in the group identical for 
sex provide a closer approximation than the estimate 
based on random distribution. The best fit is obtained 
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Table 6 . Analysis of distribution of stem color in twin seedlings of the separate type. 

Combinations of colors 

Purple Green Purple Total 

purple green green twins 


$5 and twins 

Number of pairs observed 

Number of pairs expected (random association) . . . 
Number of pairs expected (one half monozygotic) . 
Number of pairs expected (one third monozygotic) 

5(5' twins 

Number of pairs observed 

Number of pairs expected (random association)... 


29 

3 

7 

39 

27.1 

1.1 

10.8 

39 

29.8 

3.8 

5.4 

39 

28.9 

2.9 

7.2 

39 


16 

0 

3 

19 

16.1 

0.1 

2.8 

19 



when one third of this group (that is, one fifth of the 
total separate twins) is assumed to be monozygotic. 
Considering the distribution of both sex and stem 
color, roughly one fourth of the separate twins can 
be assumed to be monozygotic. 

Twins including a green member and a chlorotic 
member as in figure 3 were also observed. The 
progenies segregating for this recessive chlorophyll 
deficiency were too small for their frequency of twin 
seedlings to be useful in indicating the origin of the 
separate type. 

Another fact suggests the monozygotic origin of 
a portion of the separate type — namely, the appear- 
ance of an unexpectedly high proportion of multiple 
seedlings that are identical for a heteroploid chro- 
mosome number. For instance, one triplet was com- 
posed entirely of separate members, two of which 
showed a trisomic count, the third an uncertain 
count, being either diploid or trisomic. Two other 
twin seedlings were haploid-haploid and triploid- 
triploid. Furthermore, in two other pairs in which 
only the haploid member was counted, comparative 
morphology strongly indicated that the uncounted 
member was also haploid. These multiple seedlings 
with identical chromosome number appear twenty, 
seven, and three times as often as would be expected 
on a random distribution of chromosome numbers 
in the haploid, trisomic, and triploid groups respec- 
tively. Yet the appearance of these identical types 
could readily be explained by the cleavage of a single 
incipient zygote or embryo. 

Kappert (1933), led by similar evidence, con- 
cludes that many diploid-diploid twin seedlings in 
Linum originate in the same manner. In Linum, how- 
ever, the twins derived from heterozygous parents 
were nearly all identical in genotype, the few excep- 
tions being evidently haploid-diploid combinations. 
Other examples of cleavage polyembryony are cited 
from the literature by Webber (1940). 

In Citrus and certain other genera, identical mul- 
tiple seedlings often are the products of nucellar 
polyembryony — that is, they develop directly from 
cells of the nucellus. The only evidence suggesting 
this origin for multiple seedlings in Asparagus is 
the fact that the number of 5 5 twins exceeds 
that of <5 S twins, although the deviation from 


the expected 1:1 ratio is not significant (P = 0.34). 
Nucellar polyembryony, moreover, could not explain 
the excess of $ $ twins in addition to 9 $ twins 
above the expected numbers, nor the unexpectedly 
high frequency of twins identical for heteroploid 
chromosome numbers. If certain identical twins did 
originate in this manner, they would constitute a 
very small group in addition to those already proved 
to arise monozygotically and dizygotically. Thus, 
although nucellar polyembryony cannot be com- 
pletely disproved, it is unlikely that it occurs in 
Asparagus . 

The remaining three fourths of the separate twin 
seedlings — those whose sexes and stem colors are 
paired at random — are obviously of dizygotic origin. 
Since maleness in Asparagus behaves as a simple 
Mendelian dominant, for which normal staminate 
plants are heterozygous, all embryo sacs are identi- 
cal in sex determination ; but half of the male game- 
tophytes carry the male determiner, the other half, 
the recessive factor. This group of twin seedlings, 
accordingly, must have arisen from ovules, each of 
which was penetrated by two pollen tubes. 

The functioning of two pollen tubes in an example 
of polyembryony in Triticum has been discovered by 
Kasparyan (1938). Here members of a twin seed- 
ling having the somatic chromosome numbers 35 and 
49 originated from the cross T. vulgar e (2n = 42) 
X T. armeniacum (fcii . t± 28). The former seedling 
was evidently derived from the union of a reduced 
egg of vulgare and a reduced sperm of armeniacum; 
the latter was the product of a reduced egg of vul- 
gare and two reduced sperms or one nonreduced 
sperm of armeniacum. Presumably another sperm 
fused with the polar nuclei to produce the endo- 
sperm. In this instance, therefore, a minimum of 
two pollen tubes would be required to contribute a 
total of four sperms. The functioning of multiple 
sperms has been convincingly established in the pro- 
duction of normal monoembryonic seeds of maize by 
Sprague (1932). By using appropriate crosses, 
Sprague discovered frequencies of this phenomenon 
at least as high as 25 per cent. Fertilization by the 
sperms of two pollen tubes might therefore be ex- 
pected in normal embryogeny as well as in poly- 
embryony of angiosperms. 
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The following information sheds light on the num- 
ber of embryo sacs involved in this type of poly- 
embrvony. Of the twin seedlings whose mates dif- 
fered* in stem color, four appeared in the offspring 
of purple-stemmed pistillate plants. Since the seed 
in these instances was derived from open-pollina- 
tion, the genetic identity of the staminate parents is 
unknown, although they had to be either homozygous 
for the recessive gene or heterozygous for the domi- 
nant color allele. Nevertheless, the pistillate parent 
must have been heterozygous because it was pheno- 
typically purple and yielded a few green seedlings. 
In any event, it is necessary to assume different 
female gametes to explain the origin of the differ- 
ently colored twin seedlings. 

According to Flory (1932), development of the 
embryo sac in Asparagus officinalis follows the nor- 
mal type. Thus, every nucleus of a mature embryo 
sac is identical genetically, but nuclei of different 
embryo sacs could differ if they were derived from 
different megaspores of a heterozygous plant. It 
follows, therefore, that twin embryo sacs gave rise 
to the differently colored twins. If bv remote chance, 
however, twin seedlings should develop from excep- 
tional embryo sacs that develop according to the 
Scilla type (particularly since in Asparagus the 
micropylar cell retains two megaspore nuclei) or any 
other pattern in which the nuclei of an embryo sac 
are derived from more than one megaspore, differ- 
ently colored twins could develop from a single em- 
bryo sac. Though the facts suggest that multiple 
embryo sacs may lead to polyembryony in Aspara- 
gus, they are not sufficient to indicate what propor- 
tion of dizygotic twin seedlings might develop in 
this manner. 

Though Flory does not report any twin embryo 
sacs, he did observe, in one instance, two megaspore 
mother cells within one ovule. Twin embryo sacs 
might also arise from two megaspores derived from 
the same mother cell. The following statements by 
Flory are of interest in this connection : “However, 
the cell wall that starts to form across the spindle 
of the secondary megasporocyte nearest the micro- 
pyle disappears instead of extending all the way 
across the cell and dividing it. Thus there results 
from the II division three megaspores , . . . two of 
which are uninucleate, while the third one (the one 
nearest the micropyle) is binucleated.” If the chala- 
zal cell failed to develop, this pair of nuclei at the 
micropylar end might conceivably he stimulated to 
develop into two separate embryo sacs or a single 
embryo sac of a modified Scilla type. 

In a recent paper, Pope (1943) describes two 
twin embryos in barley which were discovered in 
sectioned spikelets fixed ten and twelve days after 
pollination. On the grounds that the members of 
each pair were alike in having the diploid chromo- 
some number, he assumes that both specimens are 
examples of cleavage polyembryony. The present 
study shows how unreliable a similarity of chromo- 
some number alone can he in determining the origin 
of multiple seedlings; about three fourths of the 


separate diploid-diploid twin seedlings in Aspara- 
gus do not arise from cleavage polyembryony. 

The origin of the heteroploid types obtained re- 
mains largely conjectural. The haploid plants pre- 
sumably develop by parthenogenesis from some 
haploid cell of the embryo sac. Cooper (1943) 
found that, in haploid-diploid twin embryos of 
Lilium and Nicotiana and perhaps in general, the 
haploid embryo develops parthenogenetically from 
a synergid and the diploid embryo, normally, from 
fertilization of the egg, all within the same embryo 
sac. The three haploids that have flowered in the 
present experiment are all pistillate. This condition 
is expected because a haploid plant developing par- 
thenogenetically from a cell of the embryo sac 
would necessarily have the same genotype for sex 
as its mother. 

Various origins have been attributed to triploids 
occurring in twin seedlings. Nothing in the present 
work would indicate how they arise in Asparagus . 
Trisomics, evidently the product of union of a hap- 
loid gamete with a gamete having an extra chromo- 
some, are found as often as haploids and triploids. 
Nondisjunction of a chromosome in mitosis or meio- 
sis might account for the unbalanced gamete. Con- 
ceivably, triploids themselves could also contribute 
such unbalanced gametes in the Asparagus fields. 
Triploids are equally as vigorous as diploids in twin 
seedlings and would be planted unwittingly with 
the diploids. Although the present study indicates 
a frequency of only one triploid per 2,000 (others 
might arise as seedlings of the single type), the 
triploids could still furnish a portion of the func- 
tioning gametes of the population. 

Development of the conjoined type . — Obviously, 
the attachment between seedlings derived from the 
same seed can arise by one of two processes: either 
two incipient embryos become grafted to each other, 
or a single incipient embryo cleaves incompletely 
during development from the zygote to the seed- 
ling stage. The latter pattern of development is 
uniformly indicated by the evidence to be discussed. 

If every twin seedling of the conjoined type 
arises from a single zygote, any pair of seedlings 
thereby developed should be identical in respect to 
their entire genotype. If the pair develop from two 
zygotes they would be expected to differ cytogeneti- 
cally unless the two zygotes were produced by fu- 
sion of two identical female gametes with two iden- 
tical male gametes. Studies on Mendelian inheri- 
tance in Asparagus , however, demonstrate that 
gametes unite at random and that fusion of identi- 
cal gametes would occur very rarely. Cytogenetic 
evidence might therefore be expected to aid in solv- 
ing this problem. 

Chromosome number is a cytogenetic character 
that sheds light on this problem. As mentioned pre- 
viously, certain conjoined twin seedlings were suc- 
cessfully separated. The independent halves were 
cultured in pots and their chromosome numbers 
ascertained. In 22 such twins whose chromosome 
numbers were satisfactorily determined, the count 
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was identical for each member of the pair. The 
members of a pair differed in chromosome number 
in 12.6 per cent of the 174 twin seedlings of sepa- 
rate type in which the number of both members 
was determined (table 8). Since data presented pre- 
viously indicate that the majority of the separate 
type are dizygotic, at least three of these 22 con- 
joined pairs would be expected to differ in count if 
they originated from two initial embryos. This re- 
sult would suggest that at least most of the attach- 
ment resulted from incomplete cleavage, although 
the numbers are too small to be significant. Also, 
if fusion occurs in development, it might conceiv- 
ably occur more often between members of like 
chromosome number. 

Seedlings of identical genetic constitution might 
be expected to grow at nearly the same rate. Thus 
members of a monozygotic pair would resemble 
each other to a greater extent than members of a 
dizygotic pair. In this respect, also, the evidence 
points to a monozygotic origin, for the similarity 
in seedling lengths is greater in the conjoined than 
in the separate twin seedlings. The latter, as dem- 
onstrated, are probably mostly dizygotic in origin. 
In both groups, the variation in ratios of seedling 
length is great; nevertheless, the mean ratio of 
smaller/larger member of a pair is 0.76 for the con- 
joined group, whereas the ratio is 0.66 for the sepa- 
rate group. 

As in the separate type, the Mendelizing charac- 
ters, sex and stem color, provide the best discrimi- 
nation between a monozygotic and dizygotic origin. 
Thirty conjoined twin seedlings were separated 
and grown to the flowering stage. Without excep- 
tion both members of each pair were identical in 
sex. The probability that a distribution of sex of 
this type would occur between individuals of dizy- 
gotic origin is 10~ 9 . Again, these results would be 
expected if fusion occurs only between members of 
like sex, but such preferential behavior seems very 
unlikely. Apparently, therefore, most if not all of 
the conjoined seedlings were monozygotic. 

In respect to stem color, also, the members of 
every pair, including several green pairs, were 
identical. One may summarize the cytogenetic evi- 
dence, therefore, by stating that not one conjoined 
pair was found whose members differed for any of 
the three characters studied. 

The universal attachment at the hypocotyl region 
and the tendency of the shoot and primary root to 
separate dis tally suggest that the cleavage might 
have occurred comparatively late in development. 
Though early embryonic development was not 
studied, favorable material was examined in order 
to follow development of the germinating seed. 

The status of embryos was determined in dor- 
mant seed and compared with that in germinated 
seed of the same lot. Seed soaked in water at room 
temperature for four days was softened enough' to 
be dissected with a pointed scalpel under a dissec- 
tion microscope. In this species, the embryo, a slen- 
der, somewhat awl-shaped body, is completely in- 


vested by the much larger body of horny endo- 
sperm. Figure 9 shows a typical seed with exposed 
single embryo. The greater portion of this embryo 
comprising the pointed end is the cotyledon, which 
always remains imbedded in the endosperm, acting 
as a haustorium responsible for the transfer of food 
reserves to the germinating seedling. On sprouting, 
the blunt end emerges from the seed and grows 
downward as the primary root. The shoot apex is 
situated a short distance posterior to the root tip, 
and shortly after sprouting it gives rise to a scale- 
like leaf about 2 mm. from the seed coat. 

Table 7. Comparison of frequencies of separate and con- 
joined types of multiple embryos in dormant and 
germinated seed in nine seed lots. 


Multiple embryos 
in dormant seed 


Multiple seedlings 
in germinated seed 


in dormant seed m germm 

Separate Conjoined Separate Conjoined 
per cent per cent per cent per cent 


2.14 

0.23 

1.50 

2.05 

0.42 

0.42 

0.79 

0.53 

1.33 

0.00 

1.44 

0.18 

1.41 

0.00 

0.74 

no 

2.25 

0.00 

2.68 

0.00 

0.69 

0.00 

0.19 

0.76 

0.89 

0.00 

0.40 

0.91 

0.65 

0.00 

0.23 

0.15 

0.00 

0.00 

0.11 

0.23 

Mean 1.08 

0.09 

0.74 

0.77 

Total number of 

seeds examined 

3,415 


5,382 


In the dissected seeds no partially cleaved em- 
bryos were discovered except three fasciated speci- 
mens in a total of forty twin embryos. Figure 12 
illustrates the fasciated type; figures 10 and 11, the 
more frequent separate type. In the fasciated twin 
embryos, both members were connected throughout 
their length. According to the pattern of develop- 
ment just mentioned, the only attachment likely to 
remain in the seedlings from this type of embryo 
would be the fasciated cotyledon. 

The frequencies of separate and conjoined em- 
bryos in dormant seed are compared with corre- 
sponding data for germinated seed in table 7. The 
frequency of separate and conjoined types in dor- 
mant seed is scarcely sufficient to account for the 
frequency of the two types in germinated seed. 
Fewer total multiple embryos appeared in dormant 
seed than in germinated seed in eight of the nine 
lots examined. Furthermore, the actual discrepancy 
is probably even greater than these data reveal: 
for reasons already mentioned, some seeds contain- 
ing multiple embryos probably do not germinate or 
they yield only a single seedling. The frequency of 
both types of multiple embryos in dormant seed is 
high enough only to account for the separate mul- 
tiple seedlings in germinated seed. Apparently, 
therefore, all or most of the separate multiple seed- 
lings are derived from the separate multiple em- 
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bryos observed in dormant seed, and the conjoined 
types are developed from what appear to be single 
embryos with the possible exception of the fasciated 
embryos. Thus most of the outwardly detectable 
differentiation of a single embryo into a conjoined 
multiple seedling probably occurs during germi- 
nation. 

Many causes might be imagined for this cleavage 
in development. One possible clue is the fact that 
nearly five per cent of the conjoined seedlings were 
heteroploid (table 4). This proportion greatly ex- 
ceeds that of seedlings of the single type in Aspara- 
gus. It suggests that this cleavage might involve 
only a certain specific type of seedling, as though 
the tendency to cleave were influenced by the geno- 
type of the seedling itself. Possibly some element 
of the maternal environment serves as a common 
cause both for the deviating chromosome number 
and for the cleavage of the embryo. 

Since the conjoined seedlings and the portion of 
the separate twins that are proved to be monozy- 
gotic both develop by cleavage of a single initial 
embryo, they are classified into two morphological 
types only for the sake of convenience and not to 
indicate their origin. Both types are end products 
of the same process, the differences in seedling form 
merely representing variations in the amount of 
cleavage. According to data presented, the cleavage 
may occur at various stages of development, ex- 
tending possibly from the first division of the zy- 
gote to early growth of the seedling. The time of 
cleavage no doubt determines whether the resulting 
multiple seedling will be conjoined and how great 
a degree of attachment will persist in the seedlings. 
Cleavage that began in early embryonic develop- 
ment would probably have a greater opportunity 
to complete itself, producing separate but identical 
multiple seedlings. Cleavage in later stages would 
have less opportunity for completion and would 
more likely produce conjoined seedlings. 


summary 

Thirty-six lots of seed obtained from open- and 
cross-pollinated pistillate plants were sown. All 
multiple seedlings observed were grown for obser- 
vation of their morphology, chromosome number, 
and genetic characters. 

Of 405 multiple seedlings thus obtained, 97 per 
cent were twin seedlings, the remainder being high- 
er multiples, mostly triplet seedlings. The fre- 
quency of polyembryo ny in seed lots varied from 
0.18 to 8.54 per cent, with a mean of 0.95 per cent. 

Diploids constituted 98.2 per cent of all plants 
derived from twin seedlings. The remainder con- 
sisted of triploids, trisomies, haploids, and tetra- 
ploids (in order of observed frequency). A seedling 
with a heteroploid number was always associated 
with a diploid seedling or with a seedling of the 
same heteroploid number. Diploids always exceeded 
haploids in seedling length. Aside from this group, 
however, relative seedling length was in no way 
related to chromosome number. 


Nearly half of the multiple seedlings were mor- 
phologically attached in varying degrees. Such seed- 
lings are designated as the conjoined type, the re- 
maining multiple seedlings, the separate type. Nor- 
mal seedlings having only one shoot and one pri- 
mary root are referred to as the single type. 

The plants derived from multiple seedlings of the 
separate type often differed cytogenetically. The 
distribution of sexes and stem color in twin seed- 
lings reveals that about three fourths of the ovules 
producing them had each been penetrated by two 
pollen tubes. Certain evidence also indicates that 
twin embryo sacs may produce dizygotic twin seed- 
lings. According to this information and to the 
analysis of combinations of chromosome numbers 
and of relative seedling lengths in twin seedlings, 
the remaining one fourth probably originate from 
cleavage of a single initial embryo. 

The intrinsically double nature of the conjoined 
type, in contrast to that of the single type, is dem- 
onstrated by their rapid development into two in- 
dependent plants. Judging from the complete iden- 
tity in chromosome number and genetic characters 
between members of a conjoined twin seedling, 
attachment in nearly all cases results from incom- 
plete cleavage of a single initial embryo. Most of 
the gross structural alteration involved in cleavage 
probably occurs during seed germination, although 
the process may also start in earlier stages of de- 
velopment. 
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THE EFFECT OF THE MOISTURE CONTENT OF THE SOIL UPON THE RATE 

OF EXUDATION 1 

J. Joseph McDermott 2 


It has long been known, in a qualitative way, that 
the moisture content of the soil surrounding the 
roots of a plant is an important factor in determining 
whether or not the root systems will show evidence 
of “root pressure” or exudation when the tops are 
removed. Lowry, Huggins, and Forrest (1936), 
after measuring sap flow from detopped corn plants 
concluded: “The rate of flow of sap varies with the 
amount of rainfall, where the total is less than that 
required to saturate the soil.” More recently Kramer 
(1941), working with sunflowers and tomatoes, has 
shown that there is a definite point in the range of 
moisture content of soils between the moisture 
equivalent and the wilting percentage below which 
detopped root systems do not show exudation.. I his 
point, about midway between these two soil ihoisture 
contents, corresponds approximately to the moisture 
content below which the diffusion pressure deficit ot 
the soil exceeds a value of one atmosphere. This 
study was undertaken to determine the relationship 
between the rate of exudation and the moisture con- 
tent of the soil. 

Materials and methods. — The soil used in this 
study was a uniform, fertile, sandy loam with a 
moisture equivalent of 20 per cent as determined 
by the centrifuge method. The wilting percentage 
was 5 per cent as determined with both wheat and 
sunflower seedlings. 

A group of 4-inch pots was filled with soil and 
two sunflower seeds were sown in each pot. After 
germination, the seedlings were thinned out, leaving 
one healthy plant in each pot. The plants were about 
six weeks old and about 25 to 30 cm. high when used 
in the experiments. 

During the afternoon of the day prior to that on 
which determination of exudation rates was to he 
made, a group of plants was brought in from the 
greenhouse and placed in a saturated atmosphere 
over night. This was done to minimize the effects 
which the tensions set up by transpiration might ex- 
ert upon the exudation rates. The plants composing 
the group were selected at random from the available 
population. Within such a population individual 
plants differ in their total leaf-surface, rates of 
transpiration, and extent of root systems. To these 
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inherent variables must be added the possibility of 
some inequalities in the daily watering of the plants. 
Thus, with the possibility of different initial soil 
moisture contents, and different amounts of moisture 
lost by individual plants through transpiration, dif- 
ferences would be expected in the soil moisture con- 
tents of a series of plants selected at random from 
a population. 

After the plants remained in the saturated atmos- 
phere over night, their tops were removed about 4 
cm. above the soil surface with a sharp razor. 
Pipettes were attached to the stumps by means of 
short pieces of close-fitting rubber tubing. The junc- 
tions of the tubing with the stump, and with the 
pipette were then made watertight by the application 
of a coating of modified grafting wax. The pipettes 
were partially filled with water and suction was ap- 
plied for a short time to remove any air trapped in 
the stump, roots, or connections. The pots were 
placed in watertight galvanized iron containers and 
allowed to come to a temperature of 25 °C. in a con- 
stant temperature bath. When temperature equilib- 
rium was established, the level of the water in the 
pipettes was recorded as the initial reading and 
readings were taken hourly. Upon completion of the 
measurements, a sample of approximately 100 grams 
of soil was taken from each pot and all root frag- 
ments were removed. The samples were weighed and 
dried to constant weight at 1 05 ° C. The loss in weight 
on drying was taken to represent the amount of 
moisture present and was expressed as the percent- 
age of the oven-dry weight of the soil. 

Results and discussion. — In some of the earlier 
experiments, readings were taken for the first hour 
only, and in some of the later experiments readings 
were taken hourly for a period of four hours. To 
determine what difference might result in the cor- 
relation of soil moisture contents with the rates of 
exudation, using data for one hour only or for any 
of the other successive hours, or for the average ot 
all the rates, the rates of exudation for four succes- 
sive hours for eleven plants were subjected to a 
statistical examination. 

The variation between plants was found to be 
significant, indicating that there is a real difference 
between the rates of exudation of the plants. How- 
ever, the average decrease in rate of exudation was 
not significant, indicating that although on the aver- 
age there was a decrease with time, this decrease did 
not occur consistently in all plants; the variations 
in behavior from plant to plant were sufficiently 
great that no one of the hourly readings for a given 
plant could be considered really different from that 
of any other hour. Therefore, the conclusion was 
reached that any one of the hourly rates or the aver- 
age rate would give comparable results if correlated 
with the moisture content of the soil. Since the ata 


570 


Nov., 1945] 


MC DERMOTT SOIL MOISTURE AND EXUDATION 


571 


1 




4 


of one series were complete for the first hour only, 
all calculations were based on first hour values. 

The occurrence of negative rates of exudation, 
suggesting a loss of moisture to the soil surrounding 
the roots of the detopped plants, raised the ques- 
tion as to whether this water was actually lost to the 
soil or was merely used in lessening a water deficit 
in the root systems. 

To obtain information on this point, a group of 
unwilted tomato plants, of an age comparable with 
that of the sunflower plants, was detopped and 
pipettes attached. The rate of negative exudation 
of these plants was observed for a period of 24 
hours, after which the total amount of water lost 
from the pipettes was determined. The roots. were 
removed from the soil and their volumes were meas- 
ured by displacement of water. The data obtained 
are presented in table 1. 

Table 1 . Total volume of water lost in hours, volume of 
the root systems, and volume of water lost expressed 
as a percentage of the total volume of the root systems 
for six tomato plants. 




Water lost 

Volume of water lost Volume of roots 

X 100 

(ml.) 

(ml.) 

Root volume 

0.80 

4.50 

17.8 

3.17 

11.50 

27.5 

3.88 

5.90 

65.7 

4.65 

3.85 

120.7 

2.96 

2.30 

128.7 

5.46 

3.80 

143.5 


It is quite impossible that a root system could 
absorb as much as 1.5 times its volume of water from 
the pipettes to make up any water deficit. Therefore, 
it is likely that most of the loss observed was a direct 
loss of water from the root system to the soil. It 
should be stressed that in no instance reported 
above was the soil moisture content as low as the 
wilting percentage. 

Breazeale (1980) and Breazeale and Crider 
(1934) worked with entire plants, a portion of whose 
root systems were growing in soil with a moisture 
content below its wilting percentage. They found 
that the roots in the dry soil lost moisture to the soil 
resulting in a rise of the moisture content of the soil. 
Although the results given in table 1 are not strictly 
comparable to those obtained by Breazeale, an 
analogy may be drawn between them. It is generally 
recognized that at the wilting percentage the diffu- 
sion pressure deficit of the soil moisture approxi- 
mately equals the diffusion pressure deficit of the 
moisture in the plant roots, and there is no longer a 
net movement of water into the roots from the soil. 
When the soil moisture content is below the wilting 
percentage, the gradient of diffusion pressure defi- 
cits is such that the net movement of water is from 
the plant to the soil. When the top is removed, that 
portion of the diffusion pressure deficit ascribable 
to the top is no longer transmitted to the roots. Since 


both the rate and direction of water movement be- 
tween root and soil are determined by their relative 
diffusion pressure deficits, the reduction of the dif- 
fusion pressure deficit of the roots caused by the 
removal of the tops shifts the moisture content be- 
low which water is lost to the soil from the perma- 
nent wilting percentage to a higher value. 

In postulating the possible relationship between 
rate of exudation and moisture content of the soil 
several factors must be considered. From the osmotic 
standpoint one would expect, as a first approxima- 
tion, that a hyperbolic relationship would fit the 
facts. As the moisture content of the soil approaches 
the permanent wilting percentage, the forces re- 
quired to remove the remaining water increase great- 
ly with each small increment of water removed; 
within the limits of experimental error, a perpen- 
dicular line passing through the value of the perma- 
nent wilting percentage appears to be asymptotic 
to the cprve. In the other direction the forces re- 
quired to remove the soil moisture become smaller 
and smaller with increasing water content, tending 
to approach zero force as a limiting value. It seems 
likely that if only the range of soil moisture contents 
between the permanent wilting percentage and the 
moisture equivalent were considered, the hyperbolic 
relationship might fit the facts rather well. How- 
ever, when the moisture content of the soil exceeds 
the moisture equivalent (as happens in the field dur- 
ing and after heavy rains or irrigation) other factors 
come into play. 

As the moisture content increases and the air- 
filled pore space decreases, aeration becomes pro- 
gressively poorer. The concentration of oxygen de- 
creases and the concentration of carbon dioxide in-| 
creases, especially in soil containing numerous roots! 
and microorganisms. Kramer (1940) has shown 
that when soil is saturated with carbon dioxide re-{ 
sistance to water movement through the roots in- 
creases materially and absorption of water, trans- 
piration and exudation from detopped root systems 
are decreased. Saturating the soil with nitrogen pro- 
duced much smaller changes in rate of these proc- 
esses, indicating that lack of oxygen has less effecf 
than an excess of carbon dioxide. Chang and Loomi* 
(1945) also found water absorption to be materially 
reduced by a high concentration of carbon dioxidi 
around the roots. j 

In view of these effects of carbon dioxide on thjj 
absorption of water it seems justifiable to as sum 
that, above the moisture equivalent, increasing 
amounts of soil moisture will exert a depressin 
effect upon the rate of exudation due primarily n<| 
to excess moisture but to the corollary decrease | 
aeration. Therefore, when the entire range of poj 
sible soil moisture contents is considered, it seen 
that the relationship between the rate of exudatic 
and the moisture content of the soil should be oi 
which would rise from negative values, give posith 
values for the rates of exudation, and then aft< 
passing through a maximum, give reduced values fjj 
the rate of exudation. j 



j 7 T 1 I 

+ 

+ - 4 - _ — — 

+* * * 


/M + + 


S* + 


+ 


+ 


+ 

1 1 1 

D 

_J I 



SOIL. MOISTURE CONTENT 

Fig. L The rates of exudation in ml. per hour are plotted against their respective soil moisture contents for each 
series of determinations. The curve shown for each series is the parabola of best fit as determined by the method of least 
squares. The equations for these curves can be found in table 9. 


The rates of exudation plotted against their cor- 
responding soil moisture contents are shown in fig- 
ure 1 for each of the five series. The best fitting 
curves derived by the least squares technique are 
also shown for each series of. data. In the preliminary 
calculations hyperbolas, parabolas, and logarithmic 
curves were calculated but it was established that 


the parabolas shown were the best fitting of these 
three curve -types. 

In figure 2 is shown the curve which incorporates 
the data from all five of the series. The derived equa- 
tions for all six curves are given in table 2. 

For each of the series an analysis of variance was 
calculated and the contribution of each of the tw< 
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Table 2. Equations for the relation between soil moisture content and rate of exudation* 


Series Number of plants 


A Y = —0.157 + 0.017 x —0.0004 x 2 36 

B Y= —0.797 + 0.078 x “0.002 x 2 42 

C Y = +0.015 — 0.015 x +0.001 x 2 24 

D Y = — 0.232 + 0.026 x —0.0006 x 2 36 

E Y = —0.637 + 0.089 x —0.003 x 2 24 

Total regression Y = — 0.249 + 0.025 x — 0.0005 x+ 103 

Without series C Y = —0.292 + 0.029 x —0.0006 x 2 138 


a Y = the rate of exudation in ml. per hour and x = the moisture content of the soil in per- 
centage on the dry basis. 


variables to the sum of squares was tested for sig- 
nificance. The resulting F values are tabulated in 
table 3. 



Fig. 2. Average relationship between the rate of exuda- 
tion and the moisture content of the soil. The solid line 
represents all of the data obtained, while the broken line 
does not include the results of series C. The equations for 
these curves can be found in table 2. 

The F values tabulated in table 8 are the figures 
necessary for the statistical evaluation of the de- 
rived relationship between the rate of exudation and 
the soil moisture content. The values which exceed 
those necessary for significance indicate that there 
is a real relationship between the rate of exudation 
and the soil moisture content. The values attributed 
to bi are those which consider only the linear rela- 
tionship between the rate of exudation and the soil 
moisture contents. Those values for b 2 deal with 
the relationship between the square of the moisture 
content and the rate of exudation. An examination 
of the table reveals that for the regression represent- 
ing all of the data, there is a highly significant linear 
relationship between the rate of exudation and the 


soil moisture content (bi significant) and that the 
part which may be ascribed to the relationship be- 
tween the rate of exudation and the square of the 
soil moisture content is not significant. This indi- 
cates that for all the data presented a straight line 
relationship between the rate of exudation and the 
soil moisture content is sufficient representation. 

Equations calculated for the five series of data 
which constitute the basis for the total equation show 
characteristics somewhat different from the average. 
For example, series C, consisting of the measure- 
ments of a series of 24 plants, shows no relationship 
at all in either the linear or parabolic terms. This 
fact seems to be due mainly to the limited scope of 
the sample, for series E, although representing the 
same number of plants, has wider distribution of 
values and presents a better sample for regression 
analysis. In series A and D the linear relation is 
not significant, but in B and E this is highly signifi- 
cant. In series A, B, D, and E, the parabolic rela- 
tionship is significant. Therefore, since four of the 
five series of observations point to the presence of 
a significant parabolic relationship, it seems pos- 
sible that the short range of soil moisture of series 
C might be responsible for the failure of the total 
regression to show a significant parabolic relation- 
ship. This possibility was investigated by calcula- 
tions of the F values attributable to bi and b 2 when 
the results of series C were excluded. These are 
83.95 and 7.58, both of which exceed the F value of 
6.82 derived from the table which corresponds to 
1 per cent level of significance. 

From the curve of figure 2, the moisture content 
of the soil when the rate of exudation was zero was 
obtained. This value of 14 per cent was used to cal- 
culate the portion of the range of soil moisture from 


Table 3. Values of F calculated for the regression coefficients of the equations of table 


Series 

A 

B 

C 

D 

E 


Source of 
variation 

bi 

b 2 

2.41 a 

18.62° 

38.33° 

8.82° 

1.86“ 

8.33* 

10.13° 

9.38" 

6.35" 

Total 

35.47° 

2.05* 


a Not significant. 

h Significant beyond the 5 per cent level, 
° Significant beyond the 1 per cent level. 
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the wilting percentage (5 per cent) to the moisture 
equivalent (20 per cent) which w r as unavailable for 
exudation to the detopped root systems of sunflow- 
ers. A total of 60 per cent of the soil moisture avail- 
able to the whole plant when the soil is at the moist- 
ure equivalent is not available to the detopped root 
systems. This result is somewhat different from 
Kramer's (19*1), which showed for three very dif- 
ferent types of soil, a coarse sand, a sandy loam, 
and heavy clay, that the lower 45 per cent of the 
range of moisture content from the wilting percent- 
age to the moisture equivalent is unavailable to 
detopped root systems for exudation. It confirms in 
general, however, his observations and also those 
made by Lowry, Huggins, and Forrest (1936) on 
the effect of soil moisture on exudation. 

The occurrence of a significant relationship be- 
tween the rate of exudation and the square of the 
soil moisture content does not necessarily imply that 
this is a direct effect of soil moisture. As previously 
stated, it may result from the effects of moisture com 
tent on soil aeration. The results of this study indi- 
cate that soil moisture in the higher part of the 
range depresses the rate of exudation from detopped 
root systems, probably because it decreases the oxy- 
gen content and increases the carbon dioxide content 
of the soil. 

SUMMARY 

Measurements of the rate of exudation of de- 
topped root systems of sunflower plants grown in 
a sandy loam soil were made and the soil moisture 
content was determined for five groups of sunflower 
plants totaling 162 plants. 

Within a range of moisture content just above the 
wilting percentage of the soil, the detopped root 
systems lose water to the surrounding soil, exhibit- 
ing “negative exudation." With increased soil moist- 
ure, the rate of “negative exudation" decreases, be- 
comes zero, and then positive exudation begins, in- 
creasing to a maximum at about the moisture equiva- 
lent. Soil moisture contents higher than the moisture 
equivalent result in a decrease in the rate of exuda- 


tion which is probably due to the poorer aeration, 
especially the high C0 2 content, which accompanies 
any further increase of soil moisture content. 

On the average, exudation stopped at 14 per cent 
soil moisture. From this result calculations show 
that the lower 60 per cent of the soil moisture in the 
range from the wilting percentage to the moisture 
equivalent is unavailable to detopped root systems 
of sunflowers. 

An equation of the parabolic type was derived 
which expresses the relationship between the rate 
of exudation and the soil moisture content and the 
square of the soil moisture content for each of the 
five series of observations and for the five series 
taken together. 

Four of the five series show a significant relation- 
ship between the square of the soil moisture content 
and the rate of exudation; two show significant rela- 
tionships between the soil moisture content and the 
rate of exudation. One series showed no significant 
relationship at all. 

Estacion Experimental Agricola, 
del Ecuador 
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CELL NUMBER IN SUCCESSIVE SEGMENTS OF AVENA COLEOPTILES OF 
DIFFERENT AGES: MATERIAL FOR THE BIOCHEMIST 1 

G. S. Avery, Jr., Margaret Piper, and Patricia Smith 


Data on auxins, enzymes, vitamins, etc., are com- 
monly expressed in terms of weight of the tissue in 
which they are contained. Such units are arbitrary, 
and bear little or no relation to the units comprising 
the living organism. The structural and functional 
unit of the organism is, of course, the cell; and with 
the advance of micromethods in biochemistry it seems 
time for a serious attempt to express physiological 
data concerning multicellular organisms on a per- 
cell basis. This requires actual counting of cells. The 
Avena coleoptile is a good object with which to be- 
gin; its structure is simple (approximately 95 per 
cent of its volume consisting of undifferentiated 
cells), and much is already known of its physiology. 

The object of this report is to present actual num- 
bers of cells in consecutive segments of entire Avena 
coleoptiles of different ages. It is presented chiefly 
as a reference work for those who may wish to study 
and express biochemical data in higher plants on a 
per-cell basis. Living coleoptiles are a convenient 
material for such biochemical studies because they 
provide readily available fresh material. They can 
be imbedded in low melting point paraffin, the paraf- 
fin thoroughly chilled in ice water, and sections of 
fresh tissue cut at 75 to 250 /x, depending upon the 
age of the tissues. These sections can then be freed 
from paraffin, the enclosed section of embryonic foli- 
age leaf removed, and the remaining coleoptile seg- 
ment containing a known number of cells used for 
biochemical studies. This method was employed by 
Avery and Linderstrom-Lang (1940) for a study of 
peptidase activity in Avena coleoptiles. 

Materials and preparation. — Seeds of Avena 
sativa L. var. Victory were obtained from Mr. Mar- 
shall Rumsey of Batavia, New York; only seeds 
weighing between 30 and 33 mg. were used in this 
study. These were germinated in petri dishes on 
moist filter paper at a temperature of 24-25 °C., 
receiving only phototropically inactive red or yellow 
light during germination. The petri dishes were 
tilted in such a way that the coleoptiles grew ap- 
proximately straight upward from the seed. When 
coleoptiles plus elongated first internodes measured 
1.5, 4, 10, and 17 mm. in length, the coleoptiles 
were carefully excised from the seedlings and fixed 
in Navashm s fluid. Actual lengths of coleoptiles are 
given in table 1. Twenty of each of the four lengths 
of coleoptiles were dehydrated in an ethanol series, 
cleared in chloroform, and imbedded in paraffin. Ten 
of each length were cut in serial transections at 25 /x, 
and another ten were cut in serial longisections at 1 5 
or 20 /x. The number of coleoptiles finally employed 
for cell counts, etc., is given in table 1. The length 
measurements given in this table are derived by mul- 
tiplying the number of sections by 25 /x (thickness 

1 Received for publication June 27, 1945, 


of sections) ; these computed lengths usually checked 
to within 0.1 mm. of the length of the median longi- 
sections. 


Table 1 . Lengths and numbers of coleoptiles employed for 
determining number of cells at the several stages of 
growth. 


Length 

mm. 

Number of coleoptiles 
Transections Longisections 

1.5 

10 

10 

3.8 

10 

9 

8.3 

9 

9 

14,0 

9 

8 


Determination of cell number. — Transection 
cell counts. — In the 1.5 mm. coleoptiles, cells in each 
25 /x transection were counted under low or high 
power of the microscope with the aid of a hand talley 
counter. Counts of every four successive sections 
were then averaged, the result being the mean num- 
ber of cells (in transection) in a given 100 /x segment 
of the coleoptile. The counts were then averaged for 
the corresponding segments of ten coleoptiles. The 
variation in cell number between corresponding seg- 
ments of different coleoptiles was rarely more than 
1 per cent. Cell counts in older coleoptiles were made 
in the same way, except that after the first 1000 g 
(the distal ten segments of 100 /x each), counts were 
made of four successive transections at intervals of 
100 to several hundred microns apart. Graphs were 
plotted and the points interpolated for segments 
where actual counts were not made. 

Cell lengths. — Median longisections of coleoptiles 
served for cell-length measurements. The cells are 
arranged in longitudinal rows, with all walls trans- 
verse — hence cell-length measurements were rela- 
tively easy to make, and dependable. In each 1.5 mm. 
coleoptile, cell length was determined for 20 cells in 
each 100 p of length. These data were averaged for 
the ten coleoptiles. In the longer coleoptiles, inter- 
vals were skipped, after the distal 1000 /x, as in the 
transection cell counts. Average cell lengths through- 
out the coleoptile were then graphed and a smooth 
curve drawn. This procedure seems to suggest that 
there was considerable fluctuation in length measure- 
ments, whereas except for an occasional “off” point, 
the raw data curves were almost smooth. From such 
smoothed curves, cell lengths were taken for use 
with the transectional cell counts in the calculation 
of number of cells per segment. 

Epidermal cells.- — In the 1,5 mm. coleoptile, epi- 
dermal cells were included in all transection counts 
and cell-length measurements. It has been shown 
previously that in the growth of the coleoptile, epi- 
dermal cells elongate but do not divide (Avery and 
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Fig. 1. Number of cells per segment in Avena coleoptiles of different ages (lengths). Points represent actual deter- 
minations. Diagram (upper left) indicates relative size of 100 g segments in 1.5 mm. coleoptile; embryonic foliage 
leaf ordinarily enclosed in coleoptile not shown in diagram. 


Burkholder, 1936). This means that epidermal cell the segment is therefore 465 -f" 83 = 548. The 

length in older coleoptiles is many times that of the curves in figure 1 were constructed from such calcu- 

underlying cells; hence for the 3.8-mm. and longer lations. Table 3 indicates which values are original 

coleoptiles, epidermal cell counts and lengths were and which interpolated. The interpolated figures 

kept separate and subsequent calculations carried (table 3) are taken from the curves in figure 1. 

out separately. In the distal 0.4-0. 5 mm. of the Results. — Growth of the coleoptile, and total 

coleoptile, epidermal cells do not elongate, so need number of cells involved. — Except for segments 1 

not be determined separately, even in older coleop- to 4 in coleoptiles of all ages, there is a marked de- 
tiles. crease in number of cells per segment as coleoptiles 

Vascular bundles . — Because of difficulties inher- grow longer (fig. 1). This is due chiefly to cell elon- 

ent in determining the number of cells in vascular gation, also to decreasing rate of cell division as the 

bundles, these were omitted from this study. The coleoptile elongates. The total calculated number of 

bundles were calculated to make up approximately cells in coleoptiles of the lengths studied, appears in 

5 per cent, on the average, of the volume of the table 2. It may be seen that the total number of cells 

coleoptile. The error involved is thus relatively small increases up to the 8.3 mm. stage. From there on, cell 


and relatively constant. 

Calculation. — For the sake of simplicity in calcu- 
lating averages, etc,, cell-length measurements were 
kept in ocular micrometer units ; not until final cal- 
culations were made were they converted to microns. 
Final calculations were made as follows : 

Given average cell length of 61.5 g for a particu- 
lar segment, and transactional cell number of 286 
(epidermal cells excluded), the number of cells in 
a 100 fi segment of coleoptile would be 100 -f- 61.5 
X 286 = 465, If the same 100 g segment shows 132 
epidermal cells in transection, and the average epi- 
dermal cell length in this segment is 160 g, then the 
total number of epidermal cells is 100 -f- 160 = 
83; and the total number of cells in 



division does not occur and growth is due entirely 
to cell elongation. This is substantially the same 
result as that reported earlier (Avery and Burk- 
holder, 1936), although obtained by a different 
method. 


Table 2. Total number of cells in coleoptiles of different 
ages ( vascular bundle cells omitted). See figure 


Coleoptile length 
mm. 

Number of cells 
(nearest round number) 

1.5 

24,700 

3.8 

53,800 

8.3 

71,000 

14.0 

09,400 
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Number of cells in 100 g segments — coleop tiles 
of different ages . — Table 3 presents all the data 
obtained in this study from actual counts and meas- 

Table 3. Toted number of cells , exclusive of vascular bundle 
cells, in successive 100 g segments of Avena coleoptiles 


Table 3. Continued . 


Segment no. 
(beginning 
at tip) 


Coleoptile (mm.) 
3.8 8.3 


of different ages . 

Figures in bold face are actual de- 

81 


845 

523 

terminations 

y others derived by 

interpolation. 


82 


842 

523 






83 


835 

524 

Segment no. 





84-87 



528 

(beginning 


Coleoptile (mm.) 


88-93 



540 

at tip) 

1.5 

3.8 

8.3 

14 

94-100 



547 






101 



548 

X 

118 

106 

93 

86 

102-107 



544 

2 

358 

253 

245 

227 

108-109 



530 

3 

686 

531 

480 

431 

110-112 



516 

4 

983 

666 

599 

518 

113-116 



500 

5 

1235 

737 

567 

535 

117-119 



482 

6 

1477 

872 

583 

463 

120-123 



465 

7 

1724 

1004 

599 

465 

124 



461 

8 

1915 

1159 

599 

471 

125 



462 

9 

2111 

1190 

615 

465 

126 



464 

10 

2209 

1220 

655 

457 

127-137 



460 

11 

2298 

1290 

650 

457 

138 



458 

12 

2399 

1364 

663 

457 

139 



460 

13 

2434 

1422 

678 

458 

140 



462 

14 

2407 

1486 

693 

458 




— 

15 

2347 

1532 

726 

459 





16 


1578 

722 

459 

Table 4. Total number of cells 3 exclusive of vascular bundle 

17 


1630 

734 

460 

cells, in 

successive 73 g segments of 1,5 and 3.8 

mm. 

18 


1682 

750 

461 

Avena coleoptiles. Data ; calculated, from those 

pre- 

19 


1701 

765 

462 

sen ted w 

i table 3. 



20 


1720 

790 

463 




— 

21 


1740 

796 

465 


Distance of basal 



22 


1737 

817 

467 

Segment no. 

end of segment 



23 


1733 

825 

469 

(beginning 

below tip 

Coleoptile (mm.) 

24 


1730 

838 

473 

at tip) 

of coleoptile (g) 

1.5 

3.8 

25 


1727 

851 

476 





26 


1724 

856 

478 

1 

75 

60 

70 

27 


1721 

856 

480 

2' 

150 

190 

140 

28 


1717 

878 

482 

3 

225 

345 

260 

29 


1713 

886 

484 

4 

300 

548 

400 

30 


1709 

896 

487 

5 

375 

692 

470 

31 


1704 

907 

489 

6 

450 

868 

540 

32 


1700 

916 

491 

7 

525 

990 

590 

33 


1696 

926 

493 

8 

600 

1112 

640 

34 


1687 

935 

495 

9 

675 

1298 

690 

35 


1682 

941 

497 

10 

750 

1394 

750 

36 


1662 

955 

498 

11 

825 

1490 

800 

37 


1654 

965 

499 

12 

900 

1588 

840 

38 


1641 

975 

500 

13 

975 

1660 

885 

39 



985 

501 

14 

1050 

1705 

925 

40 



994 

495 

15 

1125 

1752 

970 

41 



1000 

503 

16 

1200 

1804 

1010 

42 

* » • 


1006 

506 

17 

1275 

1830 

1046 

43-49 



1008 

509 

18 

1350 

1816 

1080 

50 



999 

512 

19 

1425 

1795 

1120 

51-54 



993 

516 

20 

1500 

1765 

1150 

55 



986 

520 

21 

1575 


1180 

56-61 



974 

520 

.22 

1650 


1210 

62-65 



956 

521 

23 

1725 


1240 

66-68 



942 

521 

. 24 

1800 


1260 

69-72 



924 

522 

25-27 



1290 

73 



913 

522 

28-33 



1300 

74 



900 

522 

34-38 



1290 

75 



883 

523 

39-44 



1275 

76-79 



880 

523 

45-48 


..... 

1260 

80 



860 

523 

49-51 



1240 



578 
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Table 5, Total number of cells , exclusive of vascular bundle cells 9 in successive 125 p segments 
of Avena coleoptiles of different ages (lengths). Data calculated from those presented in 

table 3. 


Segment no. 
(beginning 
at tip ) 

Distance of basal 
end of segment 
below tip 
of coleoptile (/ 1 ) 

1.5 

Coleoptile (mm.) 

3.8 8.3 

14 

1 

125 

200 

170 

160 

140 

2 

250 

610 

450 

430 

380 

3 

375 

1080 

680 

720 

600 

4 

500 

1480 

900 

720 

660 

5 

025 

1910 

1120 

720 

580 

0 

750 

2250 

1260 

750 

584 

1 

875 

2540 

1395 

760 

584 

8 

1000 

2740 

1510 

810 

573 

9 

1125 

2900 

1630 

836 

573 

10 

1250 

3020 

1730 

860 

575 

11 

1375 

3020 

1820 

886 

575 

12 

1500 

2950 

1900 

910 

575 

13 

1625 


1970 

915 

575 

14 

1750 


2040 

920 

575 

15 

1875 


2100 

950 

575 

16 

2000 


2140 

990 

578 

17 

2125 


2175 

1005 

580 

18 

2250 


2175 

1020 

580 

19 

2375 


2170 

1045 

585 

20 

2500 


2160 

1060 

590 

21 

2025 


2155 

1070 

595 

22 

2750 


2150 

1070 

598 

23 

2875 


2140 

1085 

600 

24 

3000 


2130 

1100 

610 

25 

3125 


2125 

1120 

610 

26 

3250 


2115 

1140 

610 

27 

3375 


2105 

1155 

615 

28 

3500 


2090 

1175 

615 

29 

3025 


2070 

1190 

615 

30 

3750 


2060 

1210 

615 

31 

3875 



1230 

618 

32 
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33 

4125 
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45-47 




1215 
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48-50 




1200 
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51-53 




1185 
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54-55 




1165 

665 

50-59 




1148 

666 

60-01 




11 22 

670 

02-03 




1192 
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64 

8000 



1070 

670 

05-00 
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670 

07 82 
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83-84 
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85-80 
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87-89 





640 

90-92 
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93 95 
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96-98 





585 

99-112 
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urements. It may be seen that cell number for many that previously reported by Avery and Linderstroin- 
segments was obtained by interpolation. Lang (1940), it is important to know that living 

For workers contemplating micro-studies such as coleoptiles from 1.5 to 14 mm. in length may be cut 


NUMBER OF CELLS 


4 



Nov., 1045] AVERY , PIPER* AND SMITH A VENA COLEOPTILE 579 



Fig. 2. Total number of cells in Avena coleoptiles at 
various stages of elongation (exclusive of vascular bundle 
cells). 


into 100 n segments of fresh tissue. Some difficulty 
may be encountered with 14 mm. coleoptiles, how- 
ever, even with a sharp microtome blade. 

Number of cells in 75 /x and 125 p segments from 
coleoptiles of different ages . — Tables 4 and 5 con- 
tain data for 75 /x and 125 yuc segments, all calculated 
from table 3. In numerous instances the accuracy of 
the calculations was checked against the original 
counts and measurements. Those who may wish to 
use the data for 75 p segments should know that it 
has been possible to cut only 1.5 and 3.8 mm. coleop- 
tiles at this thickness. The fresh tissue of coleop- 
tiles of these ages is sufficiently firm to hold together 
and make clean slices without tearing. Fresh seg- 
ments of coleoptiles 10 mm. or more in length are 
more readily cut at 125—250 jtx. For this reason data 
on 125 /x segments are presented also (table 5). From 
combinations of cell counts in segments of these three 
thicknesses, the number of cells in segments of other 
thicknesses can be determined. 

Discussion. — The coleoptiles were all grown in 
a darkroom at 24 to 25 °C., in a saturated or near- 
saturated atmosphere. Although in darkness most 
of the time, they were examined periodically under 
phototropically inactive yellow light. Anyone plan- 


ning to use the data presented here in connection 
with biochemical studies, should for sake of accu- 
racy employ similar conditions for growth of Avena 
seedlings (as well as the same variety). 

Tables 4 and 5, giving numbers of cells in 75 and 
125 micron coleoptile segments, are included only 
for ease of reference. In some instances, if the col- 
umns in these tables are added, it will be noted that 
they do not exactly agree with totals appearing in 
table 2. These differences, from coleoptile to coleop- 
tile, depend chiefly upon any “left over” fragment 
after the lowermost complete segment (such as the 
50 /x fragment below the thirtieth 125 micron seg- 
ment of the 3.8 mm. coleoptile). 

As to duration of cell division in the coleoptile: 
the data in table 2 show that there is no increase in 
cell number after the coleoptile is approximately 8 
mm. in length. This is in full agreement with the 
earlier report of Avery and Burkholder (1936), in 
which it was concluded that “most of the increase 
in numbers of cells takes place by the time the cole- 
optile is 1 cm. long. . . 

SUMMARY 

The total number of cells, exclusive of vascular 
bundle cells, is reported for successive segments of 
etiolated Avena coleoptiles of different ages. Data 
are presented for segments 75, 100, and 125 /x in 
thickness, cut from coleoptiles 1.5, 3.8, 8.3, and 14 
mm. long. Living coleoptiles may be imbedded in 
paraffin and sectioned at these thicknesses for en- 
zyme or other determinations; hence the cell num- 
bers recorded here may be employed wherever there 
is reason to express biochemical data on a per-cell 
basis in any part of the coleoptile. 

Brooklyn Botanic Garden* 

Brooklyn* New York 
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BRAZILIAN CHYTRIDS. VII. OBSERVATIONS RELATIVE TO SEXUALITY IN 
TWO NEW SPECIES OF SIPHON ARIA 1 

John S. Karling 



Sexual reproduction in the monocentric eucar- 
pic rhizidiaceous chytrids appears to be compara- 
tively rare, or at least it has been observed in only 
a few of the known species. In the majority of these 
chytrids the resting spores have been reported to 
develop asexually without prior fusion of gametes. 
However, more than forty years ago in Denmark, 
Petersen (1903) found a monocentric chytrid, Si- 
phonaria variabilis, in insect exuviae the resting 
spores of which appeared to have been formed by 
fusion of the contents of two small thalli through 
anastomosed rhizoids. He reported and figured the 
presence of a small empty thallus attached by a tube 
or rhizoid to the mature spore and stated that sexu- 
ality was probably involved in the development of 
the resting spores of this species. He reaffirmed this 
statement later in 1909 and 1910. The observations 
of Petersen on S. variabilis were substantiated by 
Sparrow in 1935, who further reported that the same 
type of sexual reproduction occurs in Rhizoclosma - 
tium also. He confirmed these reports in 1937 and 
expressed the belief that a similar fusion of thalli 
would likewise be found in Asterophlyctis. The dis- 
covery by the author in Brazil and in the United 
States of two additional species of Siphonaria in 
which the resting spores appear to be formed sexu- 
ally confirms in general the observations of Petersen 
and suggests that the type of sexual reproduction 
exhibited by these species may possibly be wide- 
spread in certain genera of chytrids. 

Petersen distinguished R hizoclosmat in ?n, Astero- 
phlyctis, and Siphonaria on the basis of differences 
in the structure of the rhizoidal system and sporan- 
gia. The sporangia of the first genus were described 
as globose, smooth, apophysate, and subtended by 
relatively fine rhizoids. Asterophlyctis was reported 
to be similar to Rhizoclosmatium except for its 
somewhat stellate and spiny sporangia and resting 
spores. Siphonaria, on the other hand, was described 
as nonapophysate with thick-walled, tube-like rhi- 
zoids, and because of the latter characteristic Peter- 
sen named the genus Siphonaria. These generic dis- 
tinctions, based on vegetative structural differences, 
were subsequently recognized and accepted by most 
chytridologists. The report by Sparrow (1937, p. 
34), however, that Siphonaria may sometimes be 
apophysate and the discovery by the author of a 
nonapophysate Aster ophlyctis-l ike species with oc- 
casional tube-like rhizoids show that the presence 
of an apophysis and the nature of the rhizoids in 
these species are variable characters and of doubtful 
importance in distinguishing genera. The report that 
all the genera are characterized by the same type of 

1 Received for publication June 39, 1945. 
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sexual reproduction is of greater significance in 
phylogeny and classification and should take prece- 
dence over variable vegetative character in diagno- 
sis. In the event Sparrow’s observations on Rhizo- 
closmatium and Asterophlyctis are confirmed, these 
genera should be merged with Siphonaria on the 
grounds of similarity of type of sexual reproduction. 
Asterophlyctis sarcoptoides, however, has been iso- 
lated frequently by the author and grown in pure 
culture on chitin and chitin agar, and so far no evi- 
dence of fusion of thalli has been observed. It is 
therefore questionable whether or not Asterophlyc- 
tis can be merged with Siphonaria on this basis. 

The species found by the author in Brazil are 
named S. petersenii and S. sparrowii, respectively, 
in honor of Drs. H. E. Petersen of Denmark and 
F. K. Sparrow, Jr., of the University of Michigan, 
who introduced and extended the study of chytrids 
which inhabit the exuviae of insects. Relatively few 
specimens of the Brazilian species were found in 
an unidentified insect case at Flores Nabuco near 
Manaus, Amazonas, but after the author had re- 
turned to the U.S.A., he found an abundance of both 
species in the exuviae of mayflies near Pawling, New 
York. As was noted earlier, the first of these species 
is Asterophlyctis-like, with spiny but nonapophysate 
sporangia, while the second one is similar to the 
type species, S. variabilis. The present observations 
relate entirely to living material, but a further study 
of plasmogamy, karyogamy, and meiosis from fixed 
and stained material is now in progress and will be 
described in a later paper. 

Siphonaria petersenii sp. nov. — Fungus sapho- 
phyticus; sporangiis extramatricalibus, spinosis, 
colore areo-luteo, longitudine pyroformibus, 5-20 
X 10-36 ft; zoosporis spbericis, 3-3.5 ft; sporis 
perdurantibus spbericis, 10-15 ft, ovatis vel angu- 
laribus, 6-8 X 10—14 p. 

Thalli numerous, occurring inside of empty insect 
exuviae. Sporangia extramatrical to substratum, 
non-apophysate, orange-golden in color, predomi- 
nantly elongately pyriform, 5-20 X 10-36 p , occa- 
sionally elongated transversely to rhizoid axis, with 
a long sharp apical and 3-12 lateral, simple or bi- 
furcate spines, 4-1 5 p in length ; exit papilla sub- 
apical, low and inconspicuous. Zoospores spherical, 
3-3.5 ft, with a small (1.5 p) golden-red globule; 
swarming in a vesicle for several minutes before 
breaking out and swimming away, Rhizoidal system 
intramatrical, monoaxial, arising from base of spo- 
rangium, richly branched and extending for a dis- 
tance of 80 p. Resting spores spherical, 10-15 p, 
oval, or slightly angular and spiny, 6-8 X 10-14 p , 
with a reddish-brown (2 ft) , slightly uneven, crusty 
and almost verrucose wall; containing numerous 
granules and globules ; formed sexually by the fusion 
of the contents of one or more “male” (?) thalli 


580 


NOV., 1945] 


KARLING SIPHON ARIA 


581 


with a “female” (?) thallus ; germination unknown. 

Saprophytic inside the exuviae of mayflies and 
other insects, Flores Nabuco, Amazonas, Brazil; 
Pawling, New York, and Candle wood Lake, Con- 
necticut, U.S.A. 

Siphon aria sparrowii sp. nov. — Fungus sapro- 
phyticus ; sporangiis extramatricalibus, non-apo- 
physatis, hyalinis, levibus, sphericis, 8-30 /x, vel 
pyroformibus ; zoosporis sphericis, 5-5.6 /x; sporis 
perdurantibus sphericis, 10-18 p , levibus, hyalinis 
ad fulvum colorem; rebus contentis emergentibus 
in germinatione et zoosporangium superficiale for- 
m antibus. 

Thalli numerous, occurring inside insect exu- 
viae. Sporangia extramatrical to substratum, non- 
apophysate, hyaline, smooth, spherical, 8-20 p , or 
broadly pyriform with a low apical or subapical exit 
papilla. Zoospores spherical, 5.5-6 /x, with a large 
(3-3.5 p) hyaline refractive globule; swarming in 
a vesicle outside the sporangium for several minutes 
before breaking out and swimming away. Rlnzoidal 
system monoaxial, intramatrical, arising from base 
of sporangium, rhizoids thick-walled, coarse, taper- 
ing abruptly, and often branching at right or obtuse 
angles. Resting spores oval, spherical, 10-18 /x, with 
a thick (3-4 p) amber to dark brown smooth wall; 
several spores frequently enveloped by a common 
thick wall; formed sexually by fusion of the content 
of one or more “male” thalli with one “female” 
thallus ; functioning as prosporangia in germination. 

Saprophytic inside exuviae of mayflies, Flores 
Nabuco near Manaus, Amazonas, Brazil, and Shar- 
on, Connecticut, U.S.A. 

Siphonaria petersenii and S. sparrowii occur in- 
side the empty insect cases, and when the latter are 
mounted and studied in toto, the chytrids look as if 
they were completely intramatrical. However, such 
is not the case. The sporangia are extramatrical and 
project into the cavity of the empty case, while the 
rhizoids are intramatrical and spread out in the inner 
layers of the integument. At maturity the zoospores 
are liberated within the empty exuviae, where they 
swim about and later germinate. Only rarely have 
the sporangia of either species been observed on the 
exterior surface of the empty insect cases. Appar- 
ently both species are chitinophyllic like Rhopalo- 
phlyctis and Chytriomyces, recently described by the 
author (1945). At present S . petersenii appears to 
be more variable than S . sparrowii in relation to 
chitinous substrata, since it has been found in exu- 
viae of midges and other insects in addition to those 
of mayflies. It has also been isolated on pure shrimp 
chi tin and grown on chitin-agar media. Siphonaria 
sparrowii, on the other hand, has never been ob- 
served for certain on any substrata besides the exu- 
viae of mayflies ; nor has it been isolated on shrimp 
chitin and chitin agar. Chitin from mayflies is now 
being purified, and it is quite probable that with 
such a substratum S . sparrowii may be isolated and 
grown in pure culture. 

Vegetative development and asexual reproduction. 
—The structure and developmental cycles of the 


vegetative phases of S. petersenii and S . sparrowii 
are shown in figures 1 to 14 and 27 to 41, respec- 
tively, and inasmuch as they do not differ funda- 
mentally from those of other similar chytrids, it is 
not necessary to describe these processes in detail. 
The length of the vegetative phase varies consider- 
ably in the two species. In S. petersenii a large num- 
ber of successive generations of sporangia and zoo- 
spores occur before resting spores are formed, 
whereas in S. sparrowii comparatively few sporangia 
have been observed so far. There is, nevertheless, a 
distinct cyclic alternation of sporangia and resting 
spores, which may possibly represent the monoploid 
and diploid generations, respectively. 

The zoospores of S. petersenii which include a 
golden or orange-red globule (fig. 1) swim about 30 
to 90 minutes, come to rest (fig. 2), and germinate 
(fig. 3). The germ tube branches (fig. 4) and gives 
rise to the intramatrical system of rhizoids (fig. 
5—7 ) . At the same time, a small bud develops at the 
apex of the spore body (fig. 4) and elongates into 
a terminal spine (fig. 5-8). Before it attains full 
length, however, the lateral spines begin to develop 
in the same manner (fig. 7) and reach their ultimate 
dimensions by the time the sporangia are mature 
(fig. 8-13). The number of spines vary from 3 to 
12 per sporangium and may attain a length of 15 p. 
They are usually simple and sharply pointed, but 
occasionally bifurcated ones occur (fig. 9, 10). The 
majority project upward at an acute angle from the 
surface of the sporangium, but some spines may ex- 
tend outward at right angles or even project down- 
ward (fig. 8, 9, 13, 14). 

The globule in the germinating zoospore retains 
its golden color for some time, but as its fragments 
or its material becomes dispersed, the color changes 
to light orange and gradually disappears. By the 
time the incipient sporangia have attained the size 
shown in figures 7 and 8, the protoplasm appears to 
be almost hyaline. These changes in pigmentation 
are very similar to those described by Sparrow 
(1937) for S. variabilis. Later, as the refringent 
material begins to coalesce to form the definitive 
globules of the zoospores, the pigmentation reap- 
pears, so that by the time cleavage begins the glob- 
ules are deeply golden red in color. 

The coarseness, length, and branching of the rhi- 
zoidal system varies with the size of the sporangia. 
The branches are relatively fine for the vegetative 
thalli, but in the case of the zygotes or resting spores 
(fig. 20, 21 ) they become almost as thick-walled and 
tubular in appearance as those of S. variabilis and 
S. sparrowii . The exit papilla usually develops sub- 
apically (fig. 11, 13, 14) and fairly close to the api- 
cal spine and is comparatively low and incon- 
spicuous. 

Shortly after the completion of cleavage and the 
development of the zoospore rudiments, the exit 
papilla deliquesces. The zoospores ooze out slowly 
in a globular mass (fig. 13) which soon becomes 
enveloped by a delicate hyaline membrane. Within 
a short time the zoospores begin to move slowly 
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Fig. 8. petersemi. — Fig. 1. Zoospores, X 1600. — Fig. 2. Zoospores at rest. X1600. — Fig, 3-6. Germination stages, 
establishment of thalli, and origin of apical spine. X1600. — Fig. 7, Young thallus with two incipient lateral spines. 
X IdOO—Fig, 8, 9. Slightly older thalli with fully developed apical and lateral spines. X1700, — Fig. 10. Cross section of 
sporangium. X 16*00.— Fig. 11. Flattened sporangium with subapical exit papilla. X lOOO.—Fig, 12. Minute sporangium 
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within the vesicle, and then in a few seconds they 
begin to swarm rapidly. This violent swarming 
causes the vesicle to change rapidly and constant- 
ly in shape in the same manner described by the 
author (1944b) for species of Rhizidium. That the 
vesicle is attached to and continuous with the spo- 
rangium is shown by the ease with which the zoo- 
spores pass from one structure to the other during 
the swarming stage. This phase usually lasts for sev- 
eral minutes, and when the vesicle ruptures, the zoo- 
spores escape (fig. 14) and disperse rapidly. It is 
to be noted, however, that if the dehiscence of the 
sporangium and emergence of the zoospores are pre- 
mature or abnormal, no membrane appears to form, 
and the zoospores separate without swarming. Un- 
der such conditions they may become feebly motile, 
but they usually die and disintegrate in a short while. 

The color of the protoplasm, position of the exit 
papilla, presence of elongate sharply-pointed spines 
on the sporangia, a vesicular membrane around the 
emerged spore mass, and the discharge of the zoo- 
spores within the empty insect case distinguish this 
species sharply from A. sarcoptoides, so that there 
is no doubt about their being distinct species. In 
A, sarcoptoides, according to Sparrow (1937), the 
exit papilla or tube usually occurs at the base of the 
sporangium, and the zoospores are discharged to the 
outside of the exuviae. So far this has never been 
observed in S. petersenii. Sparrow was unable to 
demonstrate the presence of a membrane around the 
discharged spore mass in A . sarcoptoides , but its 
presence and development in S . petersenii appear to 
be normal as far as present observations go. 

The development of S. sparrowii (fig. 27-41) is 
essentially the same as that of S. petersenii with the 
exception that no spines are formed on the sporan- 
gia. Furthermore, the rhizoids of the vegetative 
thalli are not so richly branched but coarser, more 
abruptly tapering and tube-like, and may often form 
branches at right or obtuse angles (fig. 34, 35). The 
Brazilian species differs sharply from S. variabilis 
by its larger hyaline zoospores, lack of reddish- 
brown or golden globules in the protoplasm, position 
of the exit papilla, presence of a membrane around 
the discharged spore mass, and by the lack of a 
“nose” or blunt papilla at the base of the sporangium. 
In addition, the sporangia do not become apophy- 
sate so far as is now known. Otherwise, S . sparrowii 
is similar in structure and development to the type 
species. The sporangia may occasionally be quite 
small and form only two or four zoospores (fig. 36, 
37). As the apical or subapical exit papilla deli- 


quesces, the zoospores ooze out slowly (fig. 39) and 
normally become enveloped by a vesicular mem- 
brane. The subsequent behavior of the zoospores, 
their swarming and passage from vesicle to sporan- 
gium or vice versa, rupture of the vesicle, and the 
escape of the zoospores from the latter structure 
(fig. 40) are similar to those described above for 
S. petersenii. In this species also the vesicular mem- 
brane may fail to develop if dehiscence of the sporan- 
gium is premature or abnormal. 

Syngamy. — Resting spore or zygote formation ap- 
pears to be comparatively rare in S. petersenii, as 
far as present studies go, and has been observed in 
only five collections of exuviae from Candlewood 
Lake, Connecticut, In S. sparrowii, on the other 
hand, it occurs in great abundance so that several 
hundreds of resting spores are usually present in a 
single infected insect case. In contrast, the forma- 
tion of zoosporangia seems to he sparse and even 
rare, and to date relatively few sporangia have been 
found. The resting spores of both species, neverthe- 
less, appear to develop as the result of fusion of the 
contents of minute thalli which are usually isomor- 
phic. These thalli apparently arise from motile cells 
which come to rest, germinate, and form a sparse 
rhizoidal system. Up to a certain stage they usually 
develop in the same manner as the vegetative thalli 
and are very similar to them in structure and appear- 
ance. Figure 15 shows two such thalli of S. peter- 
senii, the rhizoidal systems of which are joined by 
a narrow canal or tube. In this species one of the 
fusing thalli is usually surmounted by a peg or spine, 
while the other is generally more globular and 
smooth (fig. 15, 16). These differences, however, are 
not always so marked as in these two figures. Inas- 
much as the content of the spiny thallus flows into 
the smooth one, the former is designated as male and 
the latter as female. 

The thalli in figure 15 are joined by their rhi- 
zoids, but in figure 16 the fusion tube or rhizoid from 
the male connects directly with the body of the 
female thallus. The latter condition is quite common, 
as is shown in figures 19, 20, 22-25. In figure 17, on 
the other hand, the thalli are connected at the base 
by a short tube. In the early developmental stages 
the protoplasm of the two thalli is very similar in 
density and appearance, but within a short time after 
the thalli become connected, that of the female ap- 
pears denser and more coarsely granular with sev- 
eral refringent bodies. The male thallus at this 
stage generally contains a large refractive globule 
in addition to the less optically heterogeneous proto- 


with three spines. X 1500. — Fig, 13. Mature thallus showing character of the rhizoidal system and the discharge of zoo- 
spores from the exit papilla. X 1200,— Fig. 14. Escape of the zoospores from the vesicular membrane. X1&00. — Fig. 15. 
Two thalli with rhizoids connected by a narrow tube; the so-called male thallus is topped by a short spine, X1600.— 
Fig. Id. Two fusing thalli with the fusion tube attached directly to the main body of the female thallus. X 1600. — Fig. 
17. Fusing thalli which are attached and continuous at their bases. X1700. — Fig. 18. Young developing zygote with one 
attached male thallus. X1700. — Fig, 19. Later developmental stage of a zygote with two attached male thalli, X1700. 
— Fig. 20, Full sized warty zygote with three empty male thalli; rhizoids coarse and comparatively thick-walled. 
X 1500.— -Fig. 21. Mature warty zygote, X150Q. — Fig. 22. Spiny zygote connected with a male thallus by a broad tube. 
X 1500.— Fig. 23-25. Empty spiny male thalli attached directly to zygotes. X 1500,— Fig. 26. Parthenogentic (?) rest- 
ing spore. X 1500, 
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plasm. These differences in appearance are probably 
associated with the initial stages of syngamy. Move- 
ment of the protoplasm from the male to the female 
thallus has apparently begun in figures 15, 16,, and 
17. The content of the incipient zygote in figure 17 
is considerably denser and more refractive, and the 
surface of the spore is slightly irregular at one side. 
A later stage is shown in figure 18 in which the male 
thallus is almost empty except for a large refractive 
globule. The incipient zygote has almost doubled in 
size, and its protoplasm has become denser and more 
granular. In addition, its rhizoids have become more 
extensive and branched. The latter structures in- 
crease in diameter, length, and extent of branching 
as development proceeds, and absorb the nutriment 
for the growing zygote. In some mature stages of 
resting spore formation the rhizoids of S. petersenii 
may become almost as large, tube-like, and thick- 
walled as those of S. variabilis and S. sparrowii, 
which indicates that this character is not always 
generically distinctive. 

A later stage of zygote development is shown in 
figure 19 in which two male thalli have fused with 
one female. This is not uncommon in S . petersenii , 
and in a few cases four empty male thalli were found 
attached to a mature zygote. The fusion tube of one 
of the male thalli in figure 19 is connected directly 
with the incipient resting spore, while that of the 
other one is joined with a rhizoid. The zygote in this 
figure is slightly angular in shape and continuous 
with the rhizoids, and its wall has begun to thicken 
and turn brown in color. As the zygote matures, it 
is delimited from the rhizoids by a cross wall which 
thickens and becomes part of the spore wall. Further 
advanced maturation stages are shown in figures 20 
and 21. In the former figure two of the empty male 
thalli are connected with the zygote and the third is 
joined to the rhizoidal system. The walls of the 
zygotes in these two figures are fairly thick, reddish- 
brown in color, and slightly crusty or warty, and in 
other cases the warts may be prolonged into short 
spines (fig. 22, 26). The content of the maturing 
zygote is usually granular with numerous large re- 
fractive globules (fig. 20, 23), but by the time the 
spores are fully mature, the globules usually appear 
smaller in size and more numerous (fig. 24—26). 

As was noted earlier, the male thalli usually de- 
velop a reduced rhizoidal or absorbing system (fig. 
15-21) which ceases to develop after fusion. In a 
few cases observed, however, no rhizoids were visi- 
ble, and the male thalli were joined to the zygote by 
a fairly broad canal or tube (fig. 22, 25). In other 
instances, the spiny and conical male thalli were 
attached directly to the zygotes without an interven- 
ing conjugation tube (fig. 23, 24). The close relation 


to the respective thalli in these figures suggests that 
the male gamete may possibly have come to rest on 
the female thallus, after which fusion occurred with- 
out any previous development of rhizoids or a long 
conjugation canal. A few resting spores were found 
which were devoid of attached male thalli (fig. 26), 
and it is quite probable that they had developed 
parthenogenetieally. It is obvious from the above 
description that the extent of development of the 
male thallus and its spatial relation to the female 
varies considerably in S. petersenii. 

The same degree of variation has also been ob- 
served in S. sparrowii (fig. 42—53). In this species, 
however, no structural differences have been found 
in the so-called male and female thalli. They are 
both globular in shape and equal in size, with smooth 
walls, and the only basis of distinction is the move- 
ment of the germplasm from one into the other. In 
this species also the thalli which are to fuse develop 
like the vegetative plants, and up to a certain stage 
it is almost impossible to determine what their func- 
tion will be. Figure 42 shows a male and female 
thallus after the completion of syngamy. In this 
case fusion apparently occurred through a short tube 
between the main bodies of the thalli as in some spe- 
cies of Bhizophidium (Sparrow, 1933, p. 520), in- 
stead of through the rhizoids. This close relation be- 
tween the main bodies of the conjugating thalli 
doubtless explains the frequent attachment of empty 
male vesicles to the mature zygotes as shown in fig- 
ures 47, 49, 52, and 53. Fusion of the protoplast 
through anastomosed rhizoids or a long conjugation 
tube also is very common in S. sparrowii. Figure 43 
shows an empty male thallus with one of the rhizoids 
in direct continuity with the rhizoidal axis of the 
incipient zygote. A later stage is shown in figure 44 
in which rhizoids per se are lacking at the base of 
the empty male thallus. The male thallus in this case 
is connected with the rhizoid of the developing zy- 
gote by a relatively broad tube. The same is true of 
the male thallus at the left in figure 45, but in this 
case the conjugation tube is longer and slightly 
broader. In S. variabilis, Sparrow (1937) reported 
that in many cases contact between thalli which fuse 
“appeared to have been accomplished solely by the 
efforts of the thallus which was later to become the 
resting spore/' or, in other words, the so-called 
female thallus. In S. sparrowii the contact often 
seems to occur fortuitously, but in a large number 
of cases observed the male thallus appeared to grow 
toward the female. In several instances a male thal- 
lus without rhizoids was found which had developed 
a long tube toward a distant, previously fertilized 
female. The distance between the two, however, was 
so great that the protoplasm of the male appears to 


Empty wrinkled sporangium. X 1000. — Fig. 48, Completion of fusion ; main bodies of gametic thalli connected by a short 
tube or papilla. X 1400. — Fig. 43, 44. Later stages ; tubes or rhizoids from empty thallus continuous with rhizoidal axis 
and rhizoids of incipient zygotes. X 1400. — Fig. 45. Full grown zygote with thick brown wall and three attached empty 
male thalli. X 1400.— Fig. 46. Zygote with empty male cell attached to rhizoid. X 1400.— Fig. 47. Zygotes with four 
directly attached empty male thalli which are enveloped by the zygote wall X 1400.— Fig, 48. Two zygotes with fused 
walls. X 1400. — Fig. 49. Five zygotes enveloped by a common wall X1400. — Fig. 50. Abortive male (?) thallus with 
long tube? rhizoids absent. X 1400. — Fig. 51, 58. Germination stages of zygote. X 1400.— Fig. 53. Two germinated empty 
zygotes with thin-walled sporangia on their surface. X 1400. 
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have been exhausted before the tube reached the 
female, and no contact was established. Figure 50 
shows such a thallus which the author interprets as 
male. While this is not absolutely certain, the fact 
that it resembles the one at the left in figure 45 and 
also grew toward a clearly defined female thallus, 
suggests, at least, that it is male. Male thalli of the 
type shown in figure 50 usually become brown in 
color and fairly thick-walled with age. 

The number of empty male thalli attached to a 
mature zygote varies from one to six. Only one is 
present in figures 48, 51, and 53, but in figure 47 
four are visible. Whether or not the contents of 
several males fuse with that of one female is not 
certain yet, since the successive stages of multiple 
svngamy have not been observed in detail. It is not 
improbable, however, that multiple fusion of proto- 
plasts occurs fairly often in this chytrid. 

After syngamy, the young zygote increases rap- 
idly in size, and its rhizoids become more extensive, 
branched, and coarse (fig. 44). Those of the male 
thallus, on the other hand, do not develop further 
but may often become brown and slightly coarser 
and look as if thickening of the walls had occurred. 
As the zygote matures, its wall thickens very mark- 
edly and becomes dark brown in color. This thicken- 
ing and coloration may often extend to the conjuga- 
tion tube and male thallus as shown in figure 45. If 
the latter is closely adherent to the zygote, it usually 
becomes enveloped by and incorporated in the zygote 
wall and appears as a thick-walled empty appendage 
to which a few rhizoids may be attached (fig. 47, 
48, 52, 53). The wall of the zygote may often become 
4 fi thick, and when several zygotes lie in close asso- 
ciation, the walls usually fuse. Figures 48 and 53 
show pairs of resting spores with confluent walls, 
while in figure 49 five spores have been enveloped 
by the thickening walls. This is a common occurrence 
in S. sparrowii, and in several cases as many as eight 
joined zygotes were observed. 

The zygotes germinate readily under laboratory 
and field conditions after a dormancy of two to four 
weeks. In this process they function as prosporangia 
like the resting spores of most chytrids. A pore is 
first formed in the thick wall, after which the proto- 
plasm slowly emerges (fig. 51) and develops into a 
thin-walled hyaline zoosporangium (fig. 52, 53) on 
the surface of the spore. These sporangia give rise 
to posteriorly uniflagellate motile cells which, as far 
as present observations go, appear similar to those 
produced by the primary sporangia (fig, 40). 

In this connection it may be noted that the type 
species, S. mriabilis , also has been found in abun- 
dance in the exuviae of mayflies and other insects. 
This species has been isolated on pure shrimp chitin 
and transferred to chitin agar. The structure and 
development of the vegetative thalli, zoosporangia, 
zoospores, and zygotes of the Brazilian material are 
very similar to those described by Sparrow (1937) 
for the Danish and North American specimens. In 
spite of the abundance of material collected and cul- 
tured on chitin media, however, zygotes developed 
only rarely. 


Discussion. — In analyzing the data relative to 
resting spore formation in Siphonaria presented 
above, serious consideration must be given to the 
possibility that the anastomosis of and fusion 
through rhizoids or long tubes between thalli relate 
to vegetative fusions instead of sexual reproduction. 
In other chytrids such as Cladochytrium (Berdan, 
1941) and Nowak owskiella (Butler, 1907; Karling, 
1944a) vegetative anastomosis of rhizoids occurs 
fairly often, and fusions of hyphae without subse- 
quent zygote development is a common occurrence 
in higher fungi. In Siphonaria petersenii and S. 
sparrowii, on the other hand, fusion of the contents 
of thalli by means of anastomosed rhizoids or tubes 
is almost invariably associated with resting spore 
formation. For this reason, the author interprets 
these fusions as syngamous, although karyogamy 
has not yet been observed. 

However, much remains to be learned before final 
conclusions can be drawn. So far it is not known at 
what stages in the life cycle karyogamy, meiosis, 
and sex segregation occur, if multiple fusions occur, 
whether the so-called gametes are uni- or multi- 
nucleate at the time of plasmogamy, or the exact 
origin of the thalli which fuse. On the grounds that 
such thalli develop in the same manner as and are 
similar in appearance and structure to those which 
give rise to zoosporangia, it is assumed that they 
originate from motile posteriorly uniflagellate cells 
of the same type as the zoospores. 

It is quite probable also that karyogamy takes 
place shortly after plasmogamy, and, as in most 
other fungi, meiosis probably occurs at the first 
division of the diploid nucleus during germination 
of the zygote. In that event, the vegetative thalli, 
zoosporangia, zoospores and gametes are monoploid, 
and S. petersenii and S. sparrowii are typical hap- 
lonts. If sex is genetypically determined at meiosis 
in the germinating zygotes, the sporangia from the 
latter (fig. 43) will produce an equal number of male 
and female motile cells which germinate and develop 
into male and female thalli. Then, after a period of 
successive generations of such thalli, sporangia and 
motile cells, fusion of gametic thalli begins in the 
manner described above. Accordingly, the life cycles 
of Siphonaria petersenii and S. sparrowii would fol- 
low the pattern shown in diagram 1. In this relation 
it is to be noted that no structural differences have 
been observed in the successive generations of thalli, 
sporangia and zoospores which follow zygote ger- 
mination, and if these thalli are of separate sexes, it 
is obvious that the male and female strains in Sipho- 
naria are morphologically alike. 

If, on the other hand, meiosis occurs during ger- 
mination of the zygote but sex is phenotypically 
determined at the close of the sporangial and zoo- 
sporic period, as has been suggested for Synchy - 
trium and Olpidiopsis , Siphonaria would have the 
alternate life cycle shown in diagram 2. 

These suggested alternate life cycles are, of 
course, hypothetical, and determination of their ac- 
curacy must await further cytological and culture 
studies. Nevertheless, the data at hand indicate, in 
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in most Zygomycetes. As was noted earlier, the thalli 
which fuse are usually isomorphic, although the so- 
called male thallus in S. petersenii is often topped by 
a spine. In neither species, however, are differen- 
tiated gametes formed in the thalli prior to fusion, 
and, as far as present observations go, the proto- 
plasts appear to fuse without undergoing visible 
structural changes. Therefore, it is a moot question 
whether these thalli are to be designated as differen- 
tiated gametangia or gametes. Consequently, until 
additional data are available, the author has desig- 
nated the fusing thalli by the noncommittal descrip- 
tive name of gametic thalli. 

SUMMARY 

Siphonaria petersenii and S. sparrowii occur as 
saprophytes in insect exuviae in Brazil and the 
U.S.A. Present observations indicate that the resting 
spores develop as the result of union of minute iso- 
morphic thalli through anastomosis of rhiz.oids or 
conjugation tubes. After union has been established, 
the content of one thallus flows into the body of an- 
other, after which the fused protoplasts develop into 
the zygote. Frequently, more than one of the so- 
called male thalli fuse with the female. In germinat- 
ing, the zygote of S . sparrowii gives rise to a thin- 
walled sporangium which produces posteriorly uni- 
flagellate cells. Although no accurate chromosome 
counts have been made, observations on living mate- 
rial suggest that these species of Siphonaria have 
well-marked alternations of monoploid and diploid 
generations. 
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STUDIES IN THE DEVELOPMENTAL ANATOMY OF PHLOX DRUMMONDII 

HOOK. I. THE EMBRYO 1 

Helena A. Miller and Ralph H. Wetmore 


The fundamental background of our knowledge 
of the organization of vascular plants was estab- 
lished by the classical studies of Nageli (1858), 
Sachs (*1 868), Hanstein (1868, 1870), Russow 
(1872), etc. They established the broad basis of 
plant anatomy in both embryonic and adult stages. 
During the sixty years following 1870, their basic 
tenets were not radically changed. In the past fif- 
teen years, numerous descriptive and interpretative 
studies on the gymnosperms and angiosperms have 
added much to our knowledge of the orderly se- 
quence of events during development. However, no 
single investigation, so far as the authors know, has 
followed the complete developmental story of an 
angiosperm from the fertilization of the egg through 

3 Received for publication July 9, 1945. 

2 In this study, the terms embryonic, embryology, etc., 
refer to embryos only, not to developmental stages in the 
stem and root apices. 


to the mature plant. The present study has there- 
fore been directed at the major changes in develop- 
mental anatomy throughout the entire life cycle of 
a single species ; the results are treated under three 
headings : the embryo, the seedling, and the apices of 
the mature plant. 

The embryonic stages 2 of many species have been 
studied in the last one hundred years. Some of these 
studies have been concerned with cell lineage in the 
early stages ; others have dealt with developmental 
anatomy in the late stages of the embryo ; only a few 
have reported on both cell lineage and developmental 
anatomy. Part I of this investigation deals with both 
aspects of development in the ontogeny of Phlox , 
covering progressive changes from the fertilization 
of the egg to the maturation of the embryo in the 
seed. 

Materials and methods. — The species selected 
for study was Phlox Drummondii Hook. This spe- 



Fig, 1-14. Drawings of mature embryo sacs and proembryos. — Fig. 1. Longitudinal section of an embryo sac of Phlox 
Drummondii Hook. X300, — -Fig. 9, Egg and end of pollen tube at fertilization, X1000, — Fig, 3. Zygote surrounded by 
free nucleate endosperm. X 300.— Fig. 4, Zygote at first division, 99 hours. X 300.— Fig. 5. Two-celled filamentous pro- 
embryo, I day. X 300.— Fig, (>. Three-celled filamentous proembryo, 1+ days, X300. — Fig. 7. Four-celled filamentous 
proembryo, 1+ days. X 300.— Fig, 8, 9, 10, and 11. Proembryos showing development from 1 to 3 days, X300. — Fig, 19, 
13, and 14 Proembryos in stages of development during the fourth day. X300. 
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cies was chosen for utilitarian reasons : the plant is 
an annual with a short vegetative period before flow- 
ering; it can be grown easily both in the greenhouse 
and out-of-doors ; it has opposite leaves and unilacu- 
nar nodes, the former making easier the study by 
microscopic sections of the symmetrically placed 
leaves, the latter facilitating the interpretation as 
each leaf possesses a single leaf trace* Representa- 


tive stages from plants grown in the greenhouse were 
collected and killed in the Allen-Wilson modification 
of Bouin’s fluid. 

Material of representative stages was dehydrated 
in an n-butyl alcohol series (Zirkle, 1930), embedded 
in rubberized paraffin (56°~58°C. paraffin with 2 
per cent paraloid), and cut into serial sections. These 


Fig. 15-24. Early stages of proembryo development.— Fig. 15 and 17. Longitudinal sections of a 3-day proembryo. 
X 300.— Fig, 18. Longitudinal section of a 4-day proembryo. X 300— Fig. 19. Longitudinal section of a 4+-day proem- 
bryo. X300, Note tiers of cells.— Fig, 20, Transverse section through a 5-day proembryo. X 300,— Fig. 21. Longitudinal 
section of a 5-day proembryo. X300. Note tiers of cells.— Fig. 22. Longitudinal section of a 6-day proembryo. X300. 
Note tiers are disappearing.— Fig, 23. Longitudinal section of a 6fl-~day proembryo, X300. Note appearance of pro- 
cambial centra] core and surrounding cylinder.— Fig, 24. Longitudinal section of an 8-day proembryo. X 183. 
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sections were stained with Heidenhain's iron-alum 
haematoxylin followed by safranin. 

Material of selected stages was placed in lactic 
acid following killing and kept at 60 °C. until the 
specimens were cleared adequately to show the vas- 
cular system. They were further cleared in chloral 
hydrate and mounted in gum arabic (Massart, 189-4). 

Under greenhouse conditions., there was a great 
variation between the times of artificial pollination 
and fertilization even within an ovary. This varia- 
tion necessitated an arbitrary assignment of one age 
to all embryos of a similar morphological stage of 
development. The youngest age found for a specimen 
in any certain stage of development was selected as 
the age for that stage. Thus the time of development 
assigned was that of the optimal , not the actual, 
nor the average age for the specimens in that stage. 
As an example, a five-day embryo, as used in this 
study, means the most advanced stage seen five days 
after fertilization, or at least five and one-half days 
after pollination. 

Observations. — The compound pistil of Phlox 
Drummondii is comprised of three carpels. Each of 
the three loculi contains one or two ovules, attached 
to an axile placenta, though ordinarily a single ovule 
matures. The embryo sacs of the family Polemonia- 
eeae, as found by Sundar Rao (1940) in Polemonium 
coeruleum, are designated as normal by Maheshwari 
(1941). The present study on Phlox Drummondii 
supports the conclusions of these men (fig. 1). 

Following fertilization which usually occurs from 
12 to 36 hours after pollination, the endosperm nu- 
cleus begins active division, giving rise to an early 
free-nucleate endosperm in the embryo sac. The 
zygote, on the other hand, is a little slower to develop 
and begins a series of divisions about the time wdien 
the endosperm nuclei are being centripetally walled 
off. 


The first three divisions of the zygote are parallel 
to one another but at right angles to the longitudinal 
axis of the embryo sac (fig. 4-7). The fourth divi- 
sion occurs in the cell farthest from the point of 
attachment of the proembryo, 3 and divides it longi- 
tudinally. 

Beyond the filamentous stage there will be con- 
sidered in order: the proembryo stage of two to six 
days (fig. 28, 29), in which an axially symmetrical 
mass of cells is supported at the end of a stalk-like 
suspensor; the heart-shaped stage of seven to nine 
days (%. 30), in which the respective primordia of 
the two cotyledons have developed, thus forming a 
bilaterally symmetrical embryo; the torpedo stage 
of nine to fifteen days (%. 31-33), in which the 
cotyledons are partially elongated at the upper end 
of a recognizable hypocotyl; the mature embryo of 
30 days (fig. 37), in which the parts of the embryo 
have reached their final dimensions in the mature 
seed. 

The proembryo stage. — The suspensor support- 
ing the radial proembryo arises from divisions in the 
lowermost cell of the filamentous four-celled pro- 
embryo, called cell ci by Soueges (fig. 7). These 
divisions are transverse to the axis and are usually 
three in number at this stage, thus giving a sus- 
pensor of four cells. The most inferior of these sus- 
pensor cells is attached to the inner integument 
above the micropyle (fig. 15, 17, 19). 

Divisions are also initiated in the next most basal 
cell of the filamentous four-celled proembryo, cell 
m (fig. 7) — termed the hypophysis (Hanstein, 1870, 
and others). The resulting cells contribute to the 

3 In this paper, the term proembryo is defined after 
Soueges (1936, p. 48): “On doit entendre plus exacte- 
ment par proembryon, le corps embryonnaire deriv£ de 
Toospore, pr£sentant la symetrie simplement axiale de 
cette cellule et la conservant pendant toute la p6riode qui 
pr£c&de la formation des cotyledons.” 
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hypocotyl, the root, the root cap, and the upper part 

of the suspensor (fig. 15). 

The remaining two cells of the filamentous tetrad, 

V and l (fig. 7) give rise to the main body of the 
embryo by many subsequent divisions. There is a 
certain tendency toward regularity in these divisions 
which results in a globe-shaped, axillary symmetri- 
cal mass of cells (fig. 8-20). By the fourth day (fig. 
12-14) periclinal divisions alternate more or less 
regularly with transverse divisions. In sectional view 
the resulting proembryo (fig. 21 and 25) appears 
to be composed of cells arranged in tiers. In the 
early stages the component cells all tend to have^the 
same general size, shape, and staining capacity ( g. 
15—20). Early in the formation of this cell aggregate 
(16- to 32-celled stage), periclinal divisions gener- 
ally cease in the peripheral cells. The outer member 
of each pair of daughter cells (fig. 13, left and right) 
contributes to the formation of a recognizable outer 
layer (the dermatogen of Hanstein, 1870). In later 
proembryonic stages, the cells of this outer layer 
become different in shape and staining capacity 
from the internal cells (fig. 21), thereby initiating 
the epidermis of the young embryo. Divisions in this 
epidermis are characteristically anticlinal except m 
areas where the cotyledons and the root cap will 
develop; there, the divisions are both periclinal and 
anticlinal (fig. 21-27). 

The five-day proembryo has a flattened appear- 
ance which results from a greater increase in its 
transverse than in its vertical dimension. A study 
of cell, numbers and cell arrangement (fig. 25, 26) 
indicates that the periclinal divisions are much more 
frequent than the transverse divisions, whereas 
earlier they had been in more or less regular alter- 
nation, In longitudinal sections, a fan-shaped area 
is visible at the base of the proembryonic body. This 
area, originating from cell m, is composed of larger 
cells, somewhat triangular in section, and having a 


. 


capacity to stain more lightly than those of the 
internal mass (fig. 21 and 25). 

In this five-day proembryo, the arrangement ot 
the transverse rows of cells of the earlier stage lias 
been even more disturbed by a loss of homogeneity 
of cell size and shape (fig- 22, 26). Instead one can 
detect within the inner cell mass a central core of 
narrow, elongate, dark-staining cells and a sur 
rounding cylinder of vacuolated light-staining cells 
(fig. 22, 26). This zonal pattern originates from the 
differential behavior of the outer, sub-epidermal cells 
and those in the more axial part of the proembryo. 
The sub-epidermal cells, which constitute the sur- 
rounding cylinder, continue their periclinal division 
— anticlinal divisions being now infrequent in this 
region— the daughter cells quickly becoming vacuo- 
lated. These cells, therefore, are formed in radial 
rows. The axial cells, by contrast, divide more fre- 
quently in a longitudinal plane and become irregu- 
larly elongate. They thus constitute a core of cells, 
generally longer than wide, which, since they do not 
become vacuolated, tend to stain densely. Succeeding 
development of these regions justifies the use of the 
terms procambium for the axial core and cortex for 
the surrounding cylinder in these embryos. 

The six-day proembryo has acquired larger di- 
mensions. At the apex there can be seen in longi- 
tudinal view a second, broad, fan-shaped area com- 
posed of smaller isodiametric, dark-staining meri- 
stematie cells in continuity with the central core of 
elongate, proeambial cells (fig. 23, 27). This fan- 
shaped area is the first indication of the apical meri- 
stem of the shoot system. A gradient in size exists 
from the characteristic cells of this meristem to the 
axillary elongate, small diametered cells in the re- 
gion of the central core at lower levels in the pro- 
embryo. 

Heart-shaped embryo . — About seven or eight 
days after fertilization, the axial symmetry of the 
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proembryos is lost with the appearance of the cotyle- 
donary primordia. These primordia appear one on 
either side of the somewhat flattened top of the pro- 
embryo which now becomes somewhat broader than 
thick. In the presumptive cotyledonary regions, the 
outer layer shows both anticlinal and perielinal di- 
visions (tig. 22, 23). In the second and third layers, 
perielinal divisions predominate although anticlinal 
and oblique divisions may be found (fig. 23, 27). This 
localized activity produces the cotyledonary primor- 
dia within which a pattern of development can soon 
be recognized. Continued meristematic activity at 
the apices of the cotyledons results in their apical 
growth. With the resulting increase in length, there 
becomes apparent behind each apex a central column 
of dark-staining proeambial cells surrounded by a 
peripheral zone of vacuolated cells. These develop- 
mental changes extend as a wave from the proem- 
bryo below, the proeambial central core of the pro- 
embryo now being continuous upward with the pro- 
cambial central columns of the cotyledons and the 
cortex of the proembryo with the peripheral zones 
surrounding these columns. Thus the procambium 
now resembles a dichotomously branched system 
whose arms extend as adaxially grooved and taper- 
ing strands into the cotyledons where each strand is 


continuous at its apical end with the apical meristem 
of its cotyledon. In the notch between the procam- 
bial strands of the cotyledonary traces, the fan- 
shaped shoot, or epicotyledonary meristem is still 
relatively inactive (flg. 23, 27). 

Around the embryo, the single-celled external 
layer is still distinguishable because of the uniform- 
ity of cell size and the lighter staining capacity of 
most of the cells composing it. In this layer at the 
apex of the cotyledons, there are some perielinal 
divisions which contribute cells both to it and to the 
mass of the cotyledons (fig. 24). In the outer layer 
in the hypophysial region of the embryo, there is a 
predominance of perielinal divisions which give rise 
to the flanking cells of the root cap. The suspensor 
itself is larger than it was in the former stage, com- 
prising as many as eight cells in length and two cells 
in diameter (fig. 24, 27). 

Torpedo stage . — The cotyledons of a nine- to 
fifteen-day embryo are oval, dorsiventrally flattened 
structures at the top of the hypocotyl, the elongate, 
cylindrical main body of the embryo. This bilater- 
ally symmetrical embryo with dimensions thus 
changed has been designated the torpedo stage . 

As in the heart-shaped stage, dark-staining, iso- 
diametric cells are found at the tips of the cotyledons 
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Fig. 37. Drawings of a 30-day embryo to show the early blocking out of regions in the procambial system which in a 
much older embryo will become protoxylem and protophloem regions. 


and in a conical region below the notch between 
them. In the outer layer covering these regions, peri- 
clinal divisions occur along with the more typical 
anticlinal divisions. In the hypocotyl the central col- 
umn of elongate, procambial cells has increased in 
both length and diameter but remains a solid core. 
The arms of the procambium, extending acropetally 
into the cotyledons as tapering, adaxially grooved 
strands, also have gained greater dimensions and 
have become branched. In embryos of this stage the 
branches of the strands have never been found to 
be discontinuous with the main bundle of each cotyle- 
don, suggesting a centrifugal development of the 
major lateral, cotyledonary bundles. 

The root cap which has already been initiated at 
the basal end of the hypocotyl in the seven- to eight- 
day embryo (fig. 24), has a dual origin as in many 
plants. The flanks have been initiated from periclinal 
divisions in that layer which above is the epidermis of 
the hypocotyl. The central part of the cap is derived 
from the distal derivatives of cell division in the 
hypophysial region. Just proximal to the root cap, 
a region of dark-staining cells has also arisen from 
divisions in the hypophysial derivatives, thus con- 
stituting the meristem for the root. At this stage 
there may sometimes be found the insignificant rem- 
nants of a nonactive suspensor below the root cap 
(fig. 35). 


The mature embryo . — In embryos older than 36 
days, the cotyledons apparently enlarge at a more 
rapid rate than the hypocotyl, for, in the mature 
embryo, they are longer than the hypocotyl. The 
root cap is complete at the tip of the meristem of the 
root axis (fig. 37). No remnant of a suspensor was 
found at the lower apex of the root cap. 

The internal anatomy at this stage attracts spe- 
cial attention as development proceeds beyond the 
torpedo stage. Below the shoot or epicotyledonary 
meristem, there is present a recognizable inverted 
cone of light-staining vacuolated cells, which now 
separates the shoot meristem from the elongate, 
dark-staining cells of the top of the procambial core. 
This light-staining cone is the first indication of a 
pith in the Phlox embryo. As the overall dimensions 
of the entire embryo become increased during the 
lapse of time beyond the thirtieth day, so do those 
of the inverted cone of pith. The cells composing the 
pith are arranged in linear, vertical rows ; the more 
apical cells in each of these rows are longitudinally 
shorter than are those more distal to the apex, sug- 
gesting their origin from a rib meristem at the base 
of the apical meristem lying between the cotyledons 
(fig. 36). Throughout most of the length of the 
hypocotyl in the mature embryo, the elongate, dark- 
staining, procambial cells have become a cylinder 
surrounding the pith; at the base of the hypocotyl, 
and above the meristem for the root axis, the pro- 
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ing region of the hypocotyl between the level of the 
base of the cotyledons and the top of the central core 
of procambium in the hypocotyl axis. It is clearly 
evident before any elements of either xylem or 
phloem are matured. This will be considered in the 
discussion. 

The first of the next series of changes occurs in 
the cotyledons at about the time of maturing seeds 
(fig. 40). Certain cells on the adaxial side of the 
procambial strand may show a helically arranged 
secondary thickening in the cell wall and a less 
obvious protoplast; they can therefore be considered 
as maturing protoxylem. In certain mature, appar- 
ently somewhat further developed embryos, there 
may be cells on the abaxial side of the procambial 
strand which appear different in that their unstained 
walls are “nacre” and their nuclei have disappeared; 
these are identified as protophloem sieve tube ele- 
ments (fig. 44). Although there may be several inde- 
pendent points of origin for both the protoxylem and 
protophloem in the cotyledons, the general tendency 
for further maturation is in both an acropetal and 
a basipetal direction as the mature embryo develops 
into a seedling. No sign of protoxylem nor proto- 
phloem differentiation has been detected elsewhere 
in the embryos from any seed of Phlox Drummondii 
investigated. 

Discussion. — Since Hanstein’s paper in 1870 in 
which the first descriptions of the development in 
both monocotyledonous and dicotyledonous embryos 
appeared, much work upon many species from di- 
verse families has been done (Hegelmaier, 1878; 
Westermaier, 1876; Treub, 1879; Guignard, 1881; 
Mottier, 1893; Chauveaud, 1897; van Tiegliem, 
1897 ; Schaffner, 1897; Riddle, 1898; and more re- 
cently Soueges, 1907-39; etc.). The investigations 
of these men and others who have contributed 
to our present knowledge of embryo development 
have been reviewed at intervals (Guignard, 1881; 
Ducamp, 1902; Coulter and Chamberlain, 1903; 
Sehnarf, 1929; Soueges, 1936; and Esau, 1943b). 

Many attempts have been made, notably by 
Soueges, to follow cell lineage from the zygote to 
the later stages of embryo development. Sehnarf, 
following Soueges, has published in his monographic 
treatment (1929) the more generally used classifica- 
tion of the filamentous stage of embryos according 
to the planes of the first divisions. The fertilized egg 
in all four more characteristic types divides trans- 
versely, resulting in a two-cell proembryo ; the cell 
of attachment cb, and the distal cell ca (fig. 5). 

In types I and III, cell cb does not contribute to 
the embryo proper, whereas in types II and IV the 
upper daughter cell from a transverse division in 
cell cb forms the hypophysis which contributes to 
the formation of the lower embryo and to the upper 
part of the suspensor. In types I and II, cell ca 
divides longitudinally, whereas in types III and IV 
it divides transversely. 

In 1939, after this present study had been begun, 
wSoueges in a paper on “Embry og6nie des Polemonia- 
cees,” using Polemonium coeruleum as an example, 


described the cell lineage for the family as typical 
of type IV of Sehnarf (1929). He found that cell ci 
(fig. 7) gives rise to part of the suspensor ; cell m, 
the hypophysis, gives origin to two daughter cells, 
of which the first initiates the root cap, root and 
basal part of the hypocotyl, and the second contrib- 
utes to the suspensor along with cell ci; cell V is the 
precursor to the hypocotyl and the initials of the 
root; and cell l is the forerunner of the epiphysis, 
the initial related to the origin of cotyledons, hypo- 
cotyl proper and epicotyl. 

Since Phlox Drummondii is a member of the fam- 
ily Polemoniaceae, it is not surprising to note that 
the planes of the first cell divisions cause this spe- 
cies also to be placed in Sehnarf ’s type IV (fig. 8) ; 
thus one would expect to find here the same cell 
lineage that has been worked out by Soueges and by 
Bhaduri (1936) for that type. As far as can be 
observed from killed and sectioned material of 
Phlox , it seems inadvisable to make this generaliza- 
tion, for variations of cell lineage are found even 
in different specimens of this species. In fact, if one 
were to cite the case most frequently observed, it 
would not fit nicely into the cell lineage pattern of 
type IV, because it appears that cell m gives rise 
to the root primordium as well as to the root cap and 
the upper part of the suspensor, cell V (fig. 15) to 
the body of the hypocotyl, and cell l to the cotyle- 
dons, upper hypocotyl and epicotyl. Hanstein 
(1870) referred to individual variations, and others 
since (Hegelmaier, 1878; Guignard, 1881; Cham- 
berlain, 1897; Bhaduri, 1936; Randolph, 1936; 
Borthwick, 1931; and Nast, 1941) have noted this 
same lack of exact uniformity of cell lineage and 
lienee warn against generalizations concerning regu- 
lar sequences of cell divisions, and uniform develop- 
mental behavior of the products of such divisions. 

Hanstein (1870) was also the first to describe the 
development of embryos beyond the filamentous 
stage. In Capsella Bursa-pastoris he reports a der- 
matogen formed in the superior octant of a 20-celled 
proembryo. This early separation of a peripherally 
distinct layer has been reported by various workers 
studying diverse species. In Phlox , also, the topo- 
graphical outside layer becomes histogenically dis- 
tinct early in the development of the proembryo. 
Divisions in this layer are predominantly anticlinal 
although periclinal divisions do occur, especially in 
the regions where root cap and cotyledons are form- 
ing, and occasionally elsewhere. Such periclinal divi- 
sions have been reported for other species (Ducamp, 
1902), This tunica-like layer thus perpetuates itself 
by active, anticlinal cell divisions, while the embryo 
as a whole is still increasing in size by divisions in 
diverse planes. In the later stages when embryonic 
growth has gradually become localized in the regions 
of cotyledon and root cap formation, active cell divi- 
sion in the external layer is likewise localized in 
those regions. The epidermal layer in older embryos 
is no longer actively dividing. 

The authors favor recognizing the outer layer of 
the embryo, whether actively dividing or not, as the 
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epidermis , except in the regions of localized meri- 
stems, e.g., the stem apex, the apical and marginal 
meris terns of the leaf. This is in keeping with Lins- 
baner’s (1930) thesis that the epidermis may be con- 
sidered the topographical boundary of the plant. It 
is in contrast to Haberlandt’s (1914) idea of the 
epidermis as a tegumentary or dermal layer of phys- 
iological import. It eliminates the difficult decision 
of distinguishing between the stage of active division 
(the protoderm of Haberlandt) and that of the ma- 
ture epidermis. It also makes it possible to reconcile 
terminology of the embryo w T ith that of the seedling 
and the mature plant. (See Parts II and III). 

Centrad to the epidermis, the cells in sectioned 
early proembryos of Phlox appear homogeneous and 
arranged in horizontal rows, suggesting that cell 
divisions are generally orderly throughout, and that 
cell enlargement is generally uniform for all cells 
(%. 21), Schaffner (1897), Riddle (1898), and 
Dueamp (1902) speak of these tiers of cells in what 
Hanstein calls the inner tissue. 

The loss of this tiering of cells results from a dif- 
ferential behavior between the axial portion of the 
proembryo and the surrounding peripheral portion. 
In the former, longitudinal divisions and cell elonga- 
tion become prominent, thereby destroying the tier- 
ing effect. The actual time of the disappearance of 
homogeneity varies with the species studied (Han- 
stein, 1870; Dueamp, 1902; Schaffner, 1897; etc.). 

Hanstein suggested that this regularity of inner 
cells gives way to regions called plerome and peri- 
blem. Hanstein (1870), Chamberlain (1897), Du- 
camp (1902) and others point out that cells of the 
plerome are marked by dense protoplasmic contents. 
They are characterized by cell elongation and by 
predominant longitudinal divisions. By contrast, the 
periblem cells become strongly vacuolate and loose- 
ly arranged. They show transverse cell divisions 
rather than cell elongation. 

The plerome of the above cited papers is clearly 
the same region that has been called the central core 
of procambium in this paper. The periblem is that 
region referred to as the more lightly staining, sur- 
rounding cylinder of cortex. The characters used by 
various authors to distinguish these regions seem 
applicable to the Phlox material. Divisions do occur 
in the central core but they are, as Hanstein, Du- 
camp, etc., state, more frequently in a longitudinal 
than in a transverse plane. It is true that the elonga- 
tion occurring in the central core is correlated with 
the overall increase in length by transverse cell divi- 
sion and general cell enlargement in the surrounding 
cylinder of cortex. 

The objection to the use of Hanstein’s histogen 
layers for embryos is the same as has been so well 
stated by Foster for shoot apices. This objection lies 
not in his attitude, “which has found increasing sup- 
port in recent studies, but rather in his attempt to 
assign specific destinies or prospective values to the 
various regions of the meristem. ... In some species 
the periblem and the plerome regions are not dis- 
tinguishable while in other cases where such a de- 


marcation might be made, the respective roles of 
periblem and plerome do not conform to Hanstein's 
view” (Foster, 1939, p. 457). In the present paper 
plerome is being replaced by procambium and peri- 
blem by cortex , which is in agreement with current 
practice. 

Hanstein (1870) describes the outside layer of the 
plerome as the initial layer for the first procambium 
in the Capsella embryo. Evidence cited in papers by 
Buchholz and Old (1933) and Nast (1941) suggests 
that in the plants studied by them it has the same 
origin. The procambium in Phlox , however, seems 
to arise as an entire central core of dark-staining 
elongate cells and not from just the outside layer of 
the core. The pith of Phlox appears not to arise from 
the central cells of the core but as the result of 
activity of the shoot apical meristem above the core, 
for at this level there is no pith formed at any time 
in the life of the plant. 

It is significant that the procambium of the cotyle- 
dons develops acropetally from the solid procambial 
core of the lower hypocotyl. Instances have increased 
in recent years to indicate that this acropetal exten- 
sion of the procambium into developing leaves is 
probably characteristic at least for the gymnosperms 
and angiosperms (Koch, 1891, 1893; Priestley, 
Scott, and Gillett, 1935; Priestley and Scott, 1937; 
Crafts, 1943; Boke, 1940, 1941 ; Cross and Johnson, 
1941; Cross, 1942; Esau, 1943a, 1943b; Engard, 
1944). So far as the writers know, this investigation 
of the Phlox embryo has provided the first indica- 
tion of the same developmental pattern for the pro- 
cambium of cotyledons as is found for the later 
leaves of the shoot. 

At the base of the embryo, above the suspensor, 
in Phlox , the hypophysial tissue contributes to the 
internal part of the root cap and to the axis of the 
root. Hanstein (1870) used the term hypophysis in 
a way that could be interpreted as either the cell at 
the top of the suspensor from which originate the 
initials of the cortex in the root and the median por- 
tion of the cap, or as the cell mass produced by this 
cell. Soueges (1934) has chosen to distinguish be- 
tween the “hypophysis” as a cell, and the hypo- 
physial derivatives. He has shown that the hypo- 
physis may give rise to different initials in different 
genera. In the same study Soueges has considered 
the “epiphysis” as a cell which appears at the sum- 
mit of the proembryo and which gives rise to the 
epiphysial complex. This in turn produces the ini- 
tials of the epidermis and of the cortex for the upper 
parts of the embryo. There are also variations in the 
development of this complex within different genera 
as is true of the hypophysial derivatives. As far as 
can be observed in Phlox the epiphysis (fig. 15) gives 
rise to both dermatogen and cortex as described by 
Soueges. 

Many workers (e.g., Guignard, 1881; Riddle, 
1898; Billings, 1901) refer to the suspensor in 
dicotyledons as an absorbing organ supplying nour- 
ishment to the rapidly growing embryo. It appears 
that in Phlox the suspensor serves this function and 
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supplies the young proembryonic stages with nutri- 
f ents from the integuments which are transported into 

I the suspensor through the elongate cells (fig. 17 ec) 

1 at the micropyle (Billings, 1901). In later stages, 

j the heart-shaped and torpedo stages, the suspensor 

I is shriveled and nonactive, suggesting that nutrient 

I material for the embryo must then be absorbed from 

I the endosperm which at this time has become cellu- 

lar and extensive. The suggested change in nutri- 
tional pattern would be in keeping with the findings 
of Brink and Cooper (1940) on the significance of 
organized endosperm in the nutrition of the embryo 
in various species of angiosperms. Observation of 
| this structure in embryos grown in culture should 

provide an interesting study. 

Within the procambium of the cotyledons there is 
an early determination of protoxylem mother cells 
and somewhat later an indication of the appearance 
I of protophloem mother cells. Hence the spatial rela- 

tionship of xylem to phloem is blocked out before 
any vascular elements become mature. This is not 
surprising. It is becoming well known that at least 
the pattern of the whole primary xylem is blocked 
out in roots before any differentiation of elements 
is apparent (Esau, 1940, 1943a; Williams, 1940). 
Wetmore (1943) has reported a corresponding de- 
marcation of primary xylem and of primary phloem 
as well in the rhizomes of Lycopodium. Following 
j Esau, a xylem element was considered mature when 

the secondary wall was lignified and the cell no 
longer possessed a nucleus and cytoplasm. A phloem 
element was called mature when the nucleus had 
disintegrated completely and the protoplast had be- 
come "denatured” and less stainable. 

The first evidence of mature vascular elements in 
Phlox appears within the xylem system of mature 
embryos. At several independent levels in the upper 
cotyledons, protoxylem elements become mature al- 
most simultaneously. This is in agreement with the 
condition of early xylem maturation reported in 
Keteleeria by Hutchinson (1917), in Cedrus by 
Buchholz and Old (1933), and also by Hill and 
de Fraine (1913). 

Only in certain ripe seeds has any evidence been 

! found in Phlox embryos that protophloem elements 

have matured. These reports of earlier protoxylem 
than protophloem are in contrast to observations 
reported from other genera. Nast (1941) reports 
that, in Juglans, phloem precedes xylem in the root, 
the first locus of differentiation. In this species, Nast 
found that protoxylem was first mature in the cotyle- 
donary traces. In Lupinus, Dauphine and Riviere 
(1940) report that the first vascular elements to be 
differentiated are phloem cells which first occur in 
the hypocotyl-root axis and extend well down to the 
level of the lateral extensions of the root and above 
to the cotyledons. However, in the embryos of Heli - 
anthus, Ricinus and Mirahilis, these authors report 
i the site of first vascular differentiation to be the 

1 cotyledons, and the first elements matured to be the 

j sieve tubes. In flax, Crooks (1933) has found pri- 

; 

I 

I 

to 


mary phloem as the first evidence of vascular differ- 
entiation in the root at a level 0.4 mm. above the tip 
of the "plerome” and in a position alternate with 
the two protoxylem regions which are differentiated 
later. Some consideration will be given in Part II to 
the variations in time of appearance and in distribu- 
tion of the primary vascular elements in embryos 
and seedlings. 

Although much has been done in the matter of 
interpretation of development of embryos, using 
killed and sectioned material as a source of informa- 
tion, it now appears that further interpretation may 
be facilitated by careful observations of embryos 
grown from zygote to maturity in culture media. 
To do this it will first be necessary to be able to 
grow "normal” embryos in vitro . The techniques 
of this process are not yet fully explored but great 
advances have been made by recent workers in the 
field, notably van Overbeek and his co-workers. It 
is hoped that observations of normal Phlox embryos 
grown in culture may soon be made, and experiments 
can be directed toward some clarification of the 
factors involved in the differentiation in embryos. 

SUMMARY 

The development in situ of embryos of Phlox 
Drummondii Hook, was studied in successive stages 
from the first divisions of the zygote to the embryo 
of the mature seed. 

Sections of early proembryos show an axial sym- 
metry and a cellular homogeneity. Those of later 
proembryos show regions of varying staining capaci- 
ties: a dark-staining central core of elongate cells, 
a surrounding region of lightly staining cells, and 
an enclosing embryonal epidermal layer. 

The axially symmetrical proembryos become bi- 
lateral, with the appearance of the cotyledons, on 
or about the seventh day. As the cotyledons expand 
from the seventh to about the thirtieth day, the 
above mentioned core of elongate cells becomes ex- 
tended uninterruptedly into them as characteristic 
procambial strands, suggesting the procambial na- 
ture of the original core. The cortex of the earlier 
proembryo is also extended as the cotyledons de- 
velop. 

During this same time, the outer layer of em- 
bryonal epidermis divides periclinally in the basal 
region, forming the root cap. As the cap becomes 
completed, from the fifteenth to the twentieth day, 
the suspensor disintegrates and disappears. Interior 
to the root cap, in the basal region, a hypoeotyl meri- 
stem appears which, by its activity in the germinat- 
ing seed, extends the procambium, ground meristem, 
and epidermis of the hypoeotyl and root. 

By the activity of a rib meristem of the upper 
apical hypoeotyl meristem, a pith is formed so that 
the earlier central core of procambium becomes a 
cylinder, A system of potential xylem becomes recog- 
nizable in the procambial system in the late embry- 
onic stages of Phlox and becomes extended into the 
seedling stage as the procambial system is extended. 
After the position of the potential xylem has been 
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blocked out in the procambium, the system of poten- xylem; meanwhile certain abaxial procambial cells 
tial phloem is established in the remaining procam- in the basal region of the cotyledons show the char- 
bium farthest removed from the potential xylem. acteristics of immature protophloem sieve tubes. 

In the embryo of the mature seed, adaxial cells in Harvard Biological Laboratories, 
the procambial strand of the upper portion of the Harvard University, 

developing cotyledons have become mature proto- Cambridge, Massachusetts 
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NATURAL HYBRIDS BETWEEN ORYZOPSIS HYMENOIDES AND SEVERAL 

SPECIES OF STIPA 1 

B. Lennart Johnson 


I Hitchcock (1935) included Oryzopsis caduca 

Beal in Oryzopsis Bloom, eri . The type specimen of 
of O. caduca was identified by Johnson and Rogler 
(1943) as a sterile hybrid between Oryzopsis hy- 
menoides (Roem. and Schult.) Ricker and Stipa 
viridula Trin. To this natural hybrid the name 
| X Stiporyzopsis caduca (Beal) Johnson and Rog- 

ler was applied. It was also pointed out in their 
study that the type specimen of Oryzopsis Bloomeri 
(Boland.) Ricker probably represents another such 
hybrid with a different Stipa parentage. This led 
to the question of the proper identity of other speci- 
mens identified as O. Bloomeri sensu Hitchcock. 

An examination of the collections of O. Bloomeri 
from the National Herbarium, the University of 
California and the University of Minnesota shows 
that all of the specimens are remarkably similar 
in general habit (table 1). They are all character- 
I ized by an open panicle which is intermediate be- 

tween that of 0. hymenoides and the majority of 
species of Stipa. They have a once geniculate awn 
j which is deciduous as in O. hymenoides and is inter- 

| mediate in length (tables 3-5) between the straight 

1 awn of O. hymenoides and the twice geniculate awn 

j of many species of Stipa. In length of pedicels they 

I show a similar intermediacy. In length and shape 

j of glumes they are intermediate between the short- 

| er, ovate glumes of 0. hymenoides and the longer, 

J lanceolate glumes found in many species of Stipa. 

I The lemma is intermediate in length and shape be- 
ll tween the broad fusiform lemma of O. hymenoides 

j and the narrow fusiform one of the same species 

| 1 Received for publication July 5, 1945. 

j The writer is indebted to Dr. C. G. Rosendahi and Dr. 

1 F. K. Butters of the Botany Department, University of 

Minnesota, for advice and help in the investigation of 
I this problem, also to Dr. C. R. Burnham of the Division 

> of Agronomy and Plant Genetics, University of Minne- 

sota, and to Mr, G. A. Rogler, Northern Great Plains 
\ Field Station, Man dan, North Dakota, who suggested the 

f original problem involving X Stiporyzopsis caduca. 

— 


of Stipa. The palea and anthers are similarly inter- 
mediate in length. Oryzopsis hymenoides has ten to 
twelve beards per anther sac, while in most of the 
species of Stipa investigated the anthers are naked. 
In the specimens identified as 0. Bloomeri the an- 
thers have fewer and shorter beards than in O. hy- 
menoides. All of these specimens are pollen sterile 
and produce no seed. 

While all of the specimens identified as O. Bloom- 
eri show affinity to O. hymenoides and the genus 
Stipa , some of them nevertheless differ from each 
other in certain distinct features in which each re- 
sembles a different species of Stipa (table 2). They 
can be readily classified into two groups, those with 
smooth awns and those with sub-plumose awns. This 
division corresponds to a similar division in the genus 
Stipa on the basis of smooth or plumose awns. 
Within each of these main divisions the specimens 
identified as O. Bloomeri can be further subdivided 
on the basis of characters similar to those used by 
Hitchcock (1935) in subdivisions of Stipa. The 
specimens are very sporadic in distribution and 
rare in occurrence. Each one was found to occur 
where the range of the particular species of Stipa 
which it resembles on morphological characters 
overlaps the range of Oryzopsis hymenoides. 

Their common affinity to O. hymenoides and their 
separate affinities to different species of Stipa to- 
gether with their sterility and geographic distribu- 
tion suggest that the specimens identified as 0. 
Bloomeri constitute a gr oup of parallel hybrids 
having 0 . hymenoides as a common parent. 

Materials and methods. — The method used in 
obtaining data from herbarium specimens of the 
hybrids, their parental species of Stipa and 0. hy- 
menoides has been described elsewhere (Johnson 
and Rogler, 1943). The data presented in tables 1 
to 5 are based on five spikelets from each specimen 


600 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 





Fig. 1-8 . Maps of geographic distribution of X 


Unless otherwise indicated. No attempt was made to 
sample the entire range of the species of Stipa. 
Instead, if available, a specimen was selected from 
the state or precise locality in which its hybrid was 
found. The illustrations were traced from photo- 
graphs made to give a magnification of 20 X except 



Stiporyzopsis hybrids and their parental species. 


for 0. hymenoides in which case camera lucida 
drawings were made at the same magnification. 

Key to‘ X Stiporyzopsis Hybrids 
1. Awn sub-plumose below the bend 
9. Sheaths pubescent 

( Oryzopsis hymenoides X Stipa Elmer i) 
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Q. Sheaths glabrous or slightly scaberulous, sometimes 
with a few hairs at the throat 

3. Hairs of equal length all over the lemma, less 
than 2 mm. long 

4. Ligule less than 2 mm. long, sheaths shiny 
glabrous 

X Stiporyzopsis Bloomeri (0. hymenoides 
X 8. occidentals) 

4. Ligule more than 2 mm. long, lower sheaths 
scaberulous 

( 0. hymenoides X 8. Thurb eriana ) 
3. Hairs on upper part of lemma longer than those 
below, more than 2 mm. long 

(O. hymenoides X 8. calif or nica) 
1. Awn scabrous or nearly glabrous 

5. Hairs of the lemma more than 2.5 mm. long 

(0. hymenoides X 8. 8cribneri) 


5. Hairs of the lemma less than 2.5 mm. long 

6. Some of the sheaths villous at the throat or 
collar 

7. Hairs of the lemma about 1 mm. long, an- 
thers mostly abortive less than 1 mm. long 
X Stiporyzopsis caduca ( 0 . hymenoides 
X 8. viridula) 

7. Hairs of the lemma about 2 mm. long, an- 
thers not abortive, more than 2 mm. long 
(0. hymenoides X 8. robust a) 

6. Sheaths glabrous at the throat and collar 

(0. hymenoides X 8. Columbiana) 

1. X Stiporyzopsis caduca (Beal) Johnson and 
Bogler ( Oryzopsis hymenoides X Stipa viri- 
dula). Amer. Jour. Bot. 30:49-56. 1943. 
Oryzopsis caduca Beal, Bot. Gaz. 16: 111. 


Table 1 . Morphological characters of parental species and of seven hybrids previously identified 

as Oryzopsis Bloomeri. 



Oryzopsis 

hymenoides 

Seven parental 
species of Stipa 

Seven hybrids 

Panicle 

Diffuse 

Narrow 

Open 

Glumes 

Shape 

Ovate 

Lanceolate 

Narrow ovate 

Number of nerves 

First glume 

3 (5)" 

3-5 

3(5) 

Second glume 

(3)5(7) 

3,5 

3, 5 

Lemma 

Shape 

Broad fusiform 

Narrow fusiform 

Fusiform 

Anther beards per sac 

(4) 10-12 (18) 

0 

5 - 12 

Awn 

Persistence 

Deciduous 

Persistent 

Deciduous 

Geniculation 

Straight 

Twice 

Once 

Pollen 

Normal 

Normal 

Sterile 


a The numbers in parenthesis represent a few exceptional cases. 

The data for Oryzopsis hymenoides are taken from Johnson and Rogler, Amer. Jour. Bot. 
(1943). 


Table 2. Morphological characters of parental species and hybrids. 



No. of nerves 
in lemma 

Indument 
of awn 

Throat of sheath 

Oryzopsis hymenoides 

... (3) 5* 

Scabrous 

Glabrous 

Stipa occidentals 

X Stiporyzopsis Bloomeri (0. hymenoides 

... (3) 5 (8) 

Plumose 

Glabrous 

X 8. occidentals) including type 

... 5 

Sub-plumose 

Glabrous 

8 . Elmer i 

5 

Plumose 

Pubescent 

(0. hymenoides X 8. Elmer i) 

... 5 

Sub-plumose 

Pubescent 

8. Thurb eriana 

5 

Plumose 

Glab. or scaberulous 

(0. hymenoides X 8. thurberiana) 

. . : 5 

Sub -plumose 

Glab, or scaberulous 

8, calif o mica 

... 5(6) 

Plumose 

Glab. or with a few hairs 

(0, hymenoides X S. calif ornica) ............ 

... 5(7) 

Sub-plumose 

Glab. or with a few hairs 

8. Scribneri 

5 

Scabrous 

Glab* or with a few hairs 

(0. hymenoides X 8. Scribneri) 

5 

Scabrous 

Sparsely villous 

8. ■ robusta ' 

5-6 (7) 

Scabrous 

Densely villous 

(0. hymenoides X 8. robusta) 

5 (7) 

Scabrous 

Villous 

8. columbuma 

S (7) 

Scabrous 

Glabrous 

(0. hymenoides X 8. cdlumbiana) 

5 

Scabrous 

Glabrous 


* The numbers in parenthesis represent a few exceptional cases. 
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Fig. 9-23. Floral and vegetative parts.— Fig. 9-13. Oryzopm hymenoides. — Fig. 9. Ligule and throat of sheath.— 
Fig. 10. Spikelet.— Fig, 11. Lemma— Fig. 12. Anthers.— Fig. 13. Palea. — Fig. 14-18. X Stiporyzopsis Bloomeri 
(Oryzopm hymenoides X Stipa occidental) type. — Fig. 14. Ligule and throat of sheath. — Fig. 15. Spikelet. — Fig. 
1(>. Lemma. — Fig. 17, Anthers, — Fig. 18. Palea. — Fig. 19-23. Stipa occidentalis.— Fig. 19. Throat of sheath. — Fig. 20. 
Spikelet.— Fig. 21. Lemma.— Fig. 22. Anthers— Fig, 23. Palea. All X8. (Figures 9-13 from Johnson and Rogler, 
Ainer. Jour. Bot.) 


1890. Belt Mountains, Mont., Scribner. 

A discussion of cytological and morphological 
evidence of the parentage of this hybrid is given by 
Johnson and Rogler (loc. cit.) and need not be re- 
peated here. The geographic ranges of the parent 
species and the hybrid are illustrated in figure 1 . 

2. X Stiporyzopsis Bloomeri (Boland.), comb, 
nov. ( Oryzopsis hymenoides X Stipa occiden- 
talis). 

Stipa Bloomeri Bolander, Proc. Calif. Acad. 
Sci. 4; 168. 1872. Bloody Canyon, near Mono 
Lake, Calif., Bolander 6116. 

Oryzopsis Bloomeri (Boland.) Ricker ex 
Piper, Contrib. U. S. Natl. Herb. 11-109, 
1906, 

Notwithstanding the close resemblance between 
the types of X Stiporyzopsis caduca and X Stipo- 
ryzopsis Bloomeri on the majority of morphological 
characters as well as pollen sterility, certain dis- 
tinct differences exist which preclude the possibility 
of a common Stipa parentage. X Stiporyzopsis 
caduca resembles Stipa viridula Trim, its Stipa 
parent, in having a glabrous awn, a sparsely villous 
throat of the sheath, seven nerves in the lemma and 
dimorphous anthers while X Stiporyzopsis Bloom- 
eri has an awn which is sub-plumose below the bend, 
a glabrous throat of the sheath, five nerves in the 
lemma (table 2) and equal anthers (table 3). Also 
in the type of X Stiporyzopsis caduca the ligule is 


3 mm. long while in the type of X Stiporyzopsis 
Bloomeri (table 3) it is 1.6 mm. long. 

The features in which the two type specimens 
differ indicate that the Stipa parent involved in 
X Stiporyzopsis Bloomeri has a plumose or sub- 
plumose awn, a glabrous throat of the sheath, a 
lemma with commonly not more than five nerves, 
equal anthers and a shorter ligule than Stipa 
viridula. 

A search of the collections in the herbarium at 
the University of Minnesota showed that specimens 
identified as O. Bloomeri , O. hymenoides and S. 
occidentalis Thurb. had been collected by W. and 
D. Eggler in craters of the Moon National Monu- 
ment, Idaho. The herbarium labels give the same 
date, locality and elevation for all of these speci- 
mens. Additional specimens are included from the 
same locality with slightly different elevations cited, 
but no other species of Stipa or Oryzopsis are rep- 
resented in their collection from this station. 

An examination of the material identified as O. 
Bloomeri shows it to be pollen sterile and to have 
set no seed. In morphological characters (tables 2 
and 3) it is similar to the type specimen. Both this 
material and the type (fig. 14-18) are intermediate 
between S. occidentalis (fig. 19-23) (tables 2 and 
3) and O. hymenoides (fig. 9—13) (tables 2 and 3) 
in the majority of characters. They evidently are 
hybrids between those two species. Stipa occidenta- 
lis with a plumose awn, five nerves in the lemma, 
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Table 3. Mean lengths {with S.D.) in mm. of floral and vegetative ; parts of parental species } 

hybrid and type specimen. 


Oryzopsis 

Oryzopsis Stipa (O. hymenoides Bloomeri 

hymenoides occidentals X &• occidentals) (Type) 


Pedicels 

Longer 

14.7 

± 

4.4 

9.5 

± 

3.4 

11.6 

± 

1.7 

10.1 ± 

1.9 

Shorter 

11.0 

± 

3.8 

3.3 

± 

0.8 

7.2 

± 

1.8 

4.8 ± 

1.4 

Glumes 

First 

6.3 

± 

1.6 

13.3 

-f- 

0.4 

8.0 

± 

0.4 

7.9 ± 

0.4 

Second 

5.6 

± 

0.8 

11.8 


0.5 

7.2 

±: 

0.4 

7.3 ± 

0.4 

Lemma 

3.3 

± 

0.3 

6.7 

-4- 

0.4 

4.4 


0.2 

4.5 a 


Hairs of the lemma 

<2.9 

± 

0.4 

0.6 

di 

0.3 

1.8 


0.1 

1.2 ± 

0.1 

Palea 

3.8 


0.3 

3.9 

± 

0.3 

3.9 


0.1 

2.6 a 


Anthers 

Longest 

1.3 

± 

0.3 

3.7 

± 

0.6 

2.3 

± 

0.1 

2.0 a 


Next to longest 

1.3 

± 

0.3 

3.5 

± 

0.5 

2.3 

-4- 

0.1 

2.0 a 


Anther beards 

0.4 

± 

0.1 

none 

0.4 

± 

0.0 

0.4 a 


Awn 

4.5 

± 

1.1 

34.3 

± 

4.7 

14.4 

± 

1.1 

13.4 ± 

0.3 

Ligule 

4.7 

± 

1.0 b 

0.3 

± 

0.1 

1.3 


0.5 

1.6 a 


Number of measurements. 


60 



10 



10 


5 



a Based on a single measurement. 
b Based on 43 measurements. 

The data for Oryzopsis hymenoides and the type of Oryzopsis Bloomeri are taken from 
Johnson and Rogler, Amer. Jour. Bot. (1943). 


a glabrous throat of the sheath, an extremely short 
Iigule about .3 mm. long, and equal anthers showing 
no abortion supplies the characters in which this 
hybrid differs from X Stiporyzopsis caduca. The 
name of the hybrid between S. occidentalis and 
0. hymenoides therefore should be X Stiporyzopsis 
Bloomeri (Boland.). 

Four collections of this hybrid have been exam- 


ined, including the type collected in Bloody Canyon, 
California, and three made by different collectors 
at Craters of the' Moon, Idaho. The ranges of Stipa 
occidentalis and 0. hymenoides (fig. 2) overlap in 
both of these localities. Hitchcock (1925) cites 
specimens of S. occidentalis collected by Bolander 
along Mariposa Trail and Yosemite Trail, Cali- 
fornia. 


Table 4. Mean lengths {with S.D.) in mm. of floral and vegetative parts of parental species of Stipa and the hybrids 

between these species and Oryzopsis hymenoides. 



Stipa 

(O. hymenoides 

Stipa 

(O. hymenoides 

Stipa 

{O. hymenoides j 


Elmer i 

X S. Elmeri) 

Thurberiana 

X S. Thurberiana) 

calif orniea 

X S. calif orniea) 

Pedicels ! 

Longer 

5.5 ± 0.7 

12.3 ± 1.6 

8.5 ± 3.3 

10.6 ± 2.3 

6.5 ± 1.5 

11.6 ± 1.6 

Shorter 

Glumes 

1.6 ± 0.3 

6.4 ± 0.6 

2.9 ± 1.5 

6.2 ±1.2 

2.1 ± 0.6 

6.5 ± 2.2 

First 

12.4 ± 0.8 

9.2 ± 0.3 

11.7 ± 1.0 

7.7 ± 0.5 

10.8 ± 1.1 

10.2 ± 0.7 

Second 

12.1 ± 0.6 

8.3 ± 0.3 

10.0 ± 0.8 

7.1 ± 0.5 

10,3 ± 1.1 

8.6 ± 0.7 I 

Lemma .... 

7.2 ± 0.2 

5.5 ± 0.2 

7.4 dt 0.5 

4.7 ± 0.2 

6.6 ± 0.8 

. 5.5. ± 0.4 I 

Hairs of the lemma 

0.6 ± 0.1 

1.4 ± 0.1 

0.7 ± 0.1 

1.6 ± 0.0 

1.8 ± 0.3 

2.3 ±0.1 J 

Palea 

Anthers 

2.8 ± 0.2 

3.4 ± 0.1 

5.3 ± 0.3 

3.1 ± 0.2 

2.7 ± 0.2 

4.1 ± 0,3 

Longest 

3.7 ± 0.2 

2.7 ± 0.1 

4.4 ± 0.3 a 

2.3 ± 0.3 . 

3.1 ± 0.4 

2.7 ± 0.2 ' | 

Next to longest 

3.6 ± 0.2 

2.6 ± 0.1 

4.2 ± 0.4 a 

2.2 ± 0.3 

3,0 ± 0.4 

2.6 ± 0.2 ; 

Anther beards .... 

none 

0.5 ± 0.0 

none 

0.4 ± 0.0 

none 

0.5 ± 0.1 

Awn 

35.2 ± 1.8 

15.1 ± 1.0 

34.3 ± 4.6 

15.7 ± 1.1 

29.4 ± 4.3 

13.8 ± 0.8 | 

Ligule 

0.3 ± 0.1 

0.7 ± 0.1 » 

5.1 ± 1.2 

2.3 ± 0.5 C 

0.3 ± 0.1 d 

1.7 ± 0.3 b ! 

No. of measurements 5 

5 

10 

10 

10 

5 ! 

. ■ 1 

a Based on six measurements, 
measurements. 

b Based on three measurements. 

e Based on nine 

measurements. 

d Based on five 
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Fig. 2-1-47. Floral and vegetative parts,— Fig. 24-27, 8 tip a Elmeri. — Fig. 24. Throat of sheath. — Fig. 25. Spikelet, 
—Fig. 20. Lemma. — Fig. 27. Anthers.— Fig. 28-31. (0. hymenoides X $. Elmeri) type,— Fig. 28. Throat of sheath.— 
Fig. 29. Spikelet.— Fig. 30, Lemma. — Fig. 31. Anthers. — Fig. 32-35. Stipa Thurberiana. — Fig. 32. Ligule and throat 
of sheath. — Fig. 33. Spikelet,- — Fig. 34. Lemma. — Fig. 35. Anthers. — Fig. 36-39. (O. hymenoides X 8. Thurberiana) 
type.— Fig. 36. Ligule and throat of sheath. — Fig. 37. Spikelet. — Fig. 38. Two anthers. — Fig. 39. Lemma.— Fig. 40- 
43. Stipa calif arnica.— Fig. 40. Throat of sheath.— Fig. 41. Spikelet. — Fig. 42. Lemma. — Fig. 43. Anthers. — Fig. 44-47. 
(O. hymenoides X S. calif arnica) type.— Fig. 44. Throat of sheath. — Fig. 45. Spikelet. — Fig. 46. Two anthers.— Fig, 
47. Lemma. All X8. 
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Table 5. Mean lengths ( with S.D.) in mm . of floral and vegetative parts of parental species of Stipa and the hybrids 

between these species and Oryzopsis hymenoides. 



Stipa 

Scribneri 

(O. hymenoides 

X S. Scribneri) 

~ Stipa 
robusta 

(O. hymenoides 

X S. robusta) 

Stipa 

Columbiana 

(O. hymenoides 

X S. columbiana ) 

Pedicels 

Longer 

7.3 ± 

LI 

10.4 

dr 

1.4 

5.5 

dr 

1.3 

10.9 

± 

1.2 

5.7 

H~ 1.2 

8.4 

dr 

0.8 

Shorter 

23 dr 

0.4 

63 

■dr 

1,0 

2 A 

dr 

0.8 

6.8 

dr 

1.6 

2.0 

dr 0.7 

5.3 

dr 

0.4 

Glumes 

First 

13 3 rt 

1.4 

8.7 

± 

0.7 

9.6 

± 

0.7 

8.5 

dr 

0.7 

7 3 

dr 1.3 

8.0 

dr 

0.3 

Second 

10.3 ± 

0.8 

7.4 

dd 

0.4 

8.6 


1.1 

7.1 

dr 

0.8 

7.3 

± 1.3 

7.3 

± 

0.3 

Lemma ......... . .. 

7.3 dr 

0.6 

4.5 

± 

03 

5.8 

dr 

0.5 

4.9 

dr 

0.5 

5.2 

± 0.6 

4.5 

rt 

0.1 

Hairs of the lemma 

23 ± 

0.7 

3.0 

± 

03 

1.7 

dr 

0.1 

2.0 

± 

0.2 

0.7 

± 0.1 

2.0 

dr 

0.1 

Palea 

3.1 ± 

0.5 

3.3 

rt 

0.1 

4.0 

± 

0.3 

3.4 

r± 

0.5 

2.3 

± 0.2 

3.2 

dr 

0.1 

Anthers 

Longest 

4.0 dr 

0.4 

2.3 


03 

3.8 

± 

0.4 

2A 

rtz 

0.3 

2.9 

± 0.6 

2.0 

± 

0.3 

Next to longest 

4.0 dr 

0.4 

23 

± 

03 

3.6 

dr 

0.4 

2.3 

rt 

0.3 

2.7 

dr 0.5 

2.0 

rt 

0.4 

Anther beards .... 

none 

0.4 

dr 

0.0 

none 

0.4 

± 

0.0 

none 

0.4 

dr 

0.0 

Awn" 

19.4 ± 

2.1 

11.3 

dr 

1.1 

233 

dr 

2S 

17.3 

dr 

1.2 

19.3 

dr 4.4 

18.0 

dr 

1.2 

Ligule 

0.4 dr 

03* 

1.9 

dr 

0 3 h 

1.9 

± 

0.4 t! 

2.6 

dr 

0.6 

0.1 

± 0.0 a 

2.0 

dr 

0.6 

No. of measurements 10 



5 



10 



10 



10 


5 



a Based on nine measurements. b Based on four measurements. c Based on seven measurements. d Based on eight 
measurements. 


The following herbarium specimens 2 were used 
in compiling the data for tables 1, 2, and 3: 

Stipa occidentalis. California: Mt. Goddard, Hall 
and Chandler 708 (UM). Idaho: Craters of the 
Moon, Eggler 73 (UM). 

X Stiporyzopsis Bloomeri (0. hymenoides X S. 
occidentalis). California: Bloody Canyon, 1871, 
Bolander (CAS) Type. Idaho: Craters of the 
Moon, Eggler 147 (UM) ; Chase 5832 (US) ; 
Christ 1931 (UI). 

3. (Oryzopsis hymenoides X Stipa Elmeri). 

hybr. nov., aristis sub-plumosis, vaginis pube- 
scentibus, ligulis minoribus quam 2 mm. longis, 
villis lemmatis minoribus quam 2 mm. longis. 

In size and habit of plant as well as in size of 
floral parts (fig. 28—31) (table 4) and in other 
morphological characters stable 2) this hybrid is 
very similar to X Stiporyzopsis Bloomeri. The 
glumes have the same shape and nervation. The 
lemma is slightly longer but is five-nerved and has 
hairs of about the same length as in X Stiporyzop- 
sis Bloomeri . The awn is sub-plumose in both cases 
and the ligule is short. The sheath of the hybrid 
involving Stipa Elmeri Piper and Brodie, however, 
is pubescent as in the Stipa parent in contrast to 
the glabrous sheath of X Stiporyzopsis Bloomeri. 
A comparison of Stipa Elmeri (fig. 24-27) (tables 
2 and 4) with Stipa occidentalis (fig. 19-23) 
(tables 2 and 3) shows that the pubescence of the 

2 The herbaria from which specimens were loaned are 
designated by letters as follows: University of California, 
Berkeley, (UC); United States National Museum, (US) ; 
Missouri Botanical Garden, (MBG) ; University of Idaho, 
Moscow, (UI); University of Minnesota, (UM) ; Cali- 
fornia Academy of Science, (CAS). 


sheath is also the only feature in which the Stipa 
parents differ noticeably. 

Only one specimen of this hybrid was examined. 
It had set no seed and showed complete pollen 
sterility. It was collected in Mono County, Cali- 
fornia, at the edge of the range of S. Elmeri (fig. 
3), and within the range of 0. hymenoides. 

The following specimens provided the data for 
Stipa Elmeri and (0. hymenoides X Elmeri) 
included in tables 1, 2 and 4: 

Stipa Elmeri. Washington: Okanogan County, 
Elmer 487 (UM). 

(0. hymenoides X Elmeri). California: Mono 
County, Yates 6276 (UC) Type. 

4. (Oryzopsis hymenoides X Stipa Thurberi- 
ana). hybr. nov., aristis sub-plumosis, vaginis 
interdum scaberulis, ligulis pluribus quam 2 mm. 
long*is, villis lemmatis minoribus quam 2 mm. 
longis. 

In habit of plant and size of floral parts (fig. 36— 
39) (table 4), as well as in other details of mor- 
phology of the floral parts (table 2), this hybrid 
also is hardly distinguishable from X Stiporyzop- 
sis Bloomeri , However, the ligule is considerably 
longer, being about 2.3 mm. long while in X Stipo- 
ryzopsis Bloomeri it is 1.3 mm. long. This suggests 
the greater length of ligule in Stipa Thurberiana 
(fig. 32-35) (tables 2 and 4). In that species the 
ligule is 5.1 mm. long. Thus the mean ligule length 
in both S. Thurberiana and 0. hymenoides exceeds 
that of their assumed hybrid. This hybrid, however, 
also resembles S. Thurberiana in the frequently 
scabernlous lower sheaths and the puberulent lower 
nodes of the culms. The hybrid is sterile both as to 
pollen and seed. 
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A specimen of this hybrid and a specimen of 
Stipa Thurheriana were collected by Sandberg and 
Leiberg at Wilson Creek, Washington. The labels 
give the same date and elevation for both speci- 
mens. Another specimen of this hybrid was col- 
lected by Griffiths and Hunter (No, 341) in eastern 
Oregon. The locality is cited as “Bedes Buttes to 
Shirk's Ranch.” Hitchcock (1925) cites a specimen 
of S. Thurheriana by the same collectors (No. 354) 
from “Bedes Buttes.” Both of these localities are 
well within the range of S. Thurheriana (fig. 4). 

The following specimens provided the data for 
Stipa Thurheriana and (0. hymenoides X S. Thur- 
heriana) included in tables 1, 2 and 4: 

Stipa Thurheriana. Washington: Wilson Creek, 
1893, Sandberg and Leiberg (UM). Idaho, Blaine 
County, McBride and Payson 2962 (MBG). 

(0. hymenoides X S. Thurheriana). Washing- 
ton: Wilson Creek, Sandberg and Leiberg 231 
(UM) Type. Oregon: “Bedes Butte” (Probably, 
Beaties Butte), Griffiths and Hunter 341 (US). 

5. (Oryzopsis hymenoides X Stipa calif ornica). 
hybr. nov., aristis sub-plumosis, vaginis glabris, 
ligulis minoribus quam 2 mm. longis, villis partis 
super ae lemma tis pluribus quam 2 mm. longis. 
The hybrid (fig. 44-47) (tables 2 and 4) be- 
tween Stipa calif ornica Merr, and Davy. (fig. 40- 
43) (tables 2 and 4) and 0. hymenoides again is 
very similar to X Stiporyzopsis Bloomeri. The awn 
is sub-plumose; the sheath is glabrous, or sparsely 
pubescent on the back; the ligule is slightly longer, 
and the plant is sterile as to pollen and seed. It 
differs distinctly from X Stiporyzopsis Bloomeri 
in the length of the hairs on the lemma. These are 
about 2.3 mm. long on the upper part of the lemma 
suggesting the condition in S. Calif ornica where 
the hairs on the upper part of the lemma are 1.8 
mm. long as compared with 0.6 in S. occidentalis. 
Also the edge of the sheath in (O. hymenoides X 
S. calif ornica) is ciliate as in the Stipa parent. 

This hybrid is represented by a single specimen 
collected in Mono County, California, where the 
ranges of S. calif ornica (fig. 5) and 0. hymenoides 
overlap. 

The following specimens provided the data for 

5. calif ornica and (0. hymenoides X calif or- 

nica) in tables 1, 2 and 4: 

Stipa calif ornica. California: Humboldt County, 
Tracy 10446 (UC) ; Yosemite Park, Hall and Bab- 
cock 3336 (UC). 

( 0 ; hymenoides X S* calif ornica) . California: 
Mono County, Keck 3892 (UC) Type. 

6. (Oryzopsis hymenoides X Stipa Scribneri). 
hybr. nov., aristis nudis, vaginis leviter villosis 
ad collem, villis lemmatis pluribus quam 2.5 mm. 
longis. 

In size of floral parts and most of the other fea- 
tures of morphology the hybrid (fig. 52-55) (tables 
2 and 5) between Stipa Scribneri Vasey (fig. 48- 
51) (tables 2 and 5) and 0. hymenoides is com- 
parable with X Stiporyzopsis caduca and with the 


group of hybrids with sub-plumose awns. Like all 
of these it is pollen sterile and shows no seed set. 
Its glabrous awn, however, allies it with X Stipo- 
ryzopsis caduca and clearly separates it from the 
others. Like X Stiporyzopsis caduca it also has a 
sparsely villous, sometimes glabrous, throat of the 
sheath. It may, however, be distinguished by the 
long hairs on the upper part of the lemma which are 
about 3.0 mm. long. In this feature it shows affinity 
to S. Scribneri which has hairs 2.2 mm. long near 
the summit of the lemma. The hybrid has five nerves 
in the lemma as does also S. Scribneri , while X 
Stiporyzopsis caduca has seven. It differs also from 
the latter in having equal, non-abortive anthers. 
The first and second glumes of the hybrid are quite 
different in length suggesting the distinctly differ- 
ent length of glumes in S. Scribneri . In the length 
of hairs on the lemma, the difference in glume 
length and the condition of the throat of the sheath 
the hybrid is intermediate between Scribneri and 
0. hymenoides. 

The only specimen of this hybrid studied was 
collected by Shear (No. 21) at Trinidad, Colorado, 
within the region of overlap of the ranges (fig. 6) 
of the two parents. Hitchcock (1925) cites a speci- 
men of S. Scribneri collected by Shear (No. 16) at 
Trinidad, Colorado. 

The following specimens provided the data for 
S. Scribneri and (0. hymenoides X S. Scribneri) 
in tables 1, 2 and 5: 

Stipa Scribneri. Colorado: Empire, Patterson 273 
(UM). Texas: Culberson County, Moore and 
Steyermark 3638 (UM). 

(0. hymenoides X S, Scribneri ). Colorado: Trin- 
idad, Shear 21 (US) Type. 

7. (Oryzopsis hymenoides X Stipa robusta). 

hybr. nov., aristis nudis, vaginis interdum villo- 
sis ad collem, villis lemmatis ca. 2 mm. longis. 

The hybrid (fig. 60-63) (tables 2 and 5) between 
Stipa robusta Scribn. (fig. 56—59) (tables 2 and 5) 
and O. hymenoides is distinguishable from X Stip- 
oryzopsis caduca on minor characters as may be 
expected since the Stipa parents are hardly dis- 
tinguishable where their ranges come in contact. 
In both the awn is glabrous. However, some of the 
sheaths in (0. hymenoides X robusta) are quite 
villous at the throat or show a hispidulous line 
across the collar as does Stipa robusta . The floral 
parts in general are larger than in X Stiporyzopsis 
caduca suggesting the difference in size between 
those of the Stipa parents. The hairs of the lemma 
in (0. hymenoides X $* robusta) are almost twice 
as long as in X Stiporyzopsis caduca. In S. robusta 
they are also at least twice as long as in S. viridula . 
The anthers of (0. hymenoides X §* robusta) are 
much longer and are of equal size while in X Stipo- 
ryzopsis caduca , as previously pointed out, the an- 
thers are short, probably somewhat abortive, and 
dimorphous. Similar conditions exist in their re- 4 - 
spective Stipa parents with respect to anther length, 
Stipa robusta commonly has 5 nerves in the lemma 
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with occasionally one or two additional ones devel- 
f oped. The same is true for its hybrid. 

This hybrid is represented in this study by two 
specimens collected where the ranges (fig. 7) of 
*S T . robust a and 0. hymenoides overlap. One of these 
(Hitchcock 22988) w f as collected at Glorieta, New 
Mexico. Hitchcock (1925) cites a collection of S. 
robusta (Griffiths 5010) from “Glorietta Moun- 
tains/’ New Mexico. 

The following specimens provide the data for 
S. robusta and (O. hymenoides X S. robusta) in 
tables I, 2 and 5 : 

Stipa robusta. New Mexico: White Mountains, 
Wooton 370 (UM) Colorado: Manitou, Clements 
17 (UM). 

'I (0. hymenoides X S. robusta). New Mexico: 

Glorieta, Hitchcock 22988 (US) Type. Arizona: 
Grand Canyon, Silveus 1927 (US). 

8, (Oryzopsis hymenoides X Stipa columbiana). 
hybr. nov., aristis nudis, vaginis glabris ad col- 
lem, villis lemmatis ca. 2 mm. longis. 

This hybrid (fig. 68-71) (tables 2 and 5) in size 
of floral parts and in most other features of mor- 
phology is very similar to X Stiporyzopsis caduca, 
and is somewhat smaller than (O. hymenoides X 
S. robusta). it has a glabrous awn. It differs from 
both of these in having a distinctly glabrous throat 
of the sheath. This character especially separates 
it from (0. hymenoides X S. robusta) in which 
some of the sheaths are villous at the throat or his- 
pidulous on the collar. The well developed, equal 
anthers, the longer hairs on the lemma, and the five 
nerves of the lemma further distinguished it from 
X Stiporyzopsis caduca. These characters are 
traceable to Stipa columbiana Macoun. (fig. 64-67) 
(tables 2 and 5), 

The only specimen of (0. hymenoides X S. 
columbiana) examined in this study was collected 
in Garfield County, Utah, beyond the range of Stipa 
viridula and at a higher altitude (7000 ft.). This 
locality is well within the range of S. columbiana 
(fig. 8), which also occurs at high altitudes in con- 
trast to S. viridula and S . robusta which are both 
species of the dry plains. 

The following specimens provided the data for 
S. columbiana and (0. hymenoides X S. colum- 
biana) in tables 1, 2 and 5: 

Stipa columbiana. Wyoming: Cascade Creek, 
Nelson 6677 (UM) Oregon: Wallowa Mountains, 
Cusick 8195 (UM), 

(0. hymenoides X S. columbiana). Utah: Gar- 
field County, Stanton 638 (US) Type. 

Discussion.— The concept of 0. Bloomeri as a 
species presented difficulties which increased with 
the collection of more specimens. The specimens 
are rare in occurrence, but instead of being endemic 
to any restricted area they have a wide geographic 


distribution. They lack generic characters which 
effectively separate them from either Oryzopsis or 
Stipa. At the same time they possess sufficient 
variation to have permitted the description of two 
species on the basis of the first two specimens col- 
lected. With an appreciation of the fact that these 
specimens constitute a series of parallel sterile 
hybrids involving the widely distributed Oryzopsis 
hymenoides and a number of species of Stipa , the 
entire problem is readily understood. 

SUMMARY 

Evidence is presented to show that Oryzopsis 
hymenoides crosses naturally with several species 
of Stipa to produce sterile hybrids which have in 
the past been classified under the specific name of 
Oryzopsis Bloomeri. 

The hybrids are similar in characters which are 
intermediate between 0. hymenoides and these spe- 
cies of Stipa. They are distinct in characters which 
reflect a different Stipa parent in each case. 

Each hybrid was collected where the range of 
0. hymerioides overlaps that of its Stipa parent. 

The type specimen of 0. Bloomeri (Boland.) 
Ricker is identified as a hybrid between 0. hy- 
menoides and Stipa occidentals. The hybrid name 
and formula, X Stiporyzopsis Bloomeri (Boland.) 
( Oryzopsis hymenoides X Stipa occidentals) are 
applied to it. 

The type specimen of Oryzopsis caduca Beal, 
which was included in 0. Bloomeri by Hitchcock, 
was identified in an earlier paper as a hybrid and 
given the name and formula X Stiporyzopsis ca- 
duca (Beal) Johnson and Rogler ( Oryzopsis hy- 
menoides X Stipa viridula). 

Six additional hybrids are identified and de- 
scribed here under the following formulas: 

(0. hymenoides X S. Elmeri) 

(0. hymenoides X S. Thurberiana) 

(0. hymenoides X S. calif ornica) 

( 0 . hymenoides X S. Scribneri) 

(0. hymenoides X S. robusta) 

(0. hymenoides X S. columbiana). 

Rubber Plant Investigations, 

Bureau of Plant Industry, Soils and Agricultural 
Engineering, 

Salinas, California 
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the known geographic distribution of the members of the 

VERBENACEAE AND AVICENNIACEAE: SUPPLEMENT 4 
Harold N. Moldenke 


Over 3800 additional herbarium specimens of 
Verbenaceae and Avicenniaceae have been examined - 
bv the writer since the preparation of the last sup- 
plement to his listing of the known geographic dis- C 
tribution of the 2980 valid members of these two I 
plant families based on an examination of 75,000 d 
specimens. 2 This additional material has come from l- 
the herbaria of the New York Botanical Garden, r 
Trinidad and Tobago Botanical Garden, United I 
States National Museum, Institute Ciencias Natu- - 

rales at Bogota, Butler University, Duke University, 

West Virginia University, Arnold Arboretum, Ca 
negie Museum, Kansas State College, Colorado State 
College, Pomona College, Georgia Agricultural Ex- 
periment Station, and numerous individual collec- 
tors, including Dr. H. Hapeman at Minden, Ne- 
braska. It has yielded the following 53 new country 
or island records, 34 state or province records, and 
141 county records. One new species and one new 

combination are proposed. _ , , r 

NEW YORK: Phyla lanceolata (Michx.) Green 

Dnmirlaffa County. Verbena hastata L. Erie 

County. Verbena urticifolia L.— Suffolk C ) unt L 
PENNSYLVANIA: Phyla lanceolata (Micnx.j 
Greene — Butler County. Verbena canadensis : (L.) 
Britton-Washington County. X Verbena Engel- 
mannii Moldenke-Crawford and Delaware Coun- 
ties. Verbena hastata L.— Allegheny, Beaver, Blair, 
Clarion, Crawford, Elk, Forest, Indiana, Jefferson, 
McKean, Mercer, Potter, Somerset, Tioga, Union, 
and Venango Counties. Verbena hastata f. rosea 
Cheney — Huntingdon County. Verbena simplex 
Lehm. — Bedford, Erie, and Fulton Counties. I er- 
bena stricta Vent.— Allegheny, Erie, and Westmore- 
land Counties. Verbena urticifolia I..— Beaver, Bed- 
ford, Bradford, Butler, Cambria, Centre, Clarion 
Clearfield, Lawrence, Pike, and Westmoreland 
Counties. Verbena urticifolia var. leiocarpa Perry 
& Fernald— Clearfield, Greene, Lawrence, North- 
ampton, Washington, Wayne, and Westmoreland 

Counties. N ^ 

MARYLAND : Phyla lanceolata (Michx.) Greene 

— Washington County. . 

WEST VIRGINIA: Verbena hastata L. OabeU, 
Kanawha, and Raleigh Counties. Verbena simplex 
Lehm.— Kanawha County. Verbena urticifolia L.— 
Marion County. Verbena urticifolia var. leiocarpa 
Perry & Fernald — Barbour and Randolph Counties. 

1 Received for publication July 14, 1945. 

2 Moldenke, H. N., The known geographic distribution 
of the members of the Verbenaceae and Avicenniaceae. 

Supplement l'4 pp„ New York Botanical 
G arden, 194A gupplement 2 _ Botanica l Gazette 106: 158- 

JUd. Supplement 3. Castanea 10:35-46. 1946. 


NORTH CAROLINA: Callicarpa americana L. 

— Dare County. , 

GEORGIA: Callicarpa americana L. Camden, 
Catoosa, Clayton, Colquitt, and Liberty Counties. 
Phyla nodiflora (L.) Greene— Tift County. Stylo 
don carneus (Medic.) Moldenke-Tift County. 
Verbena Halei Small— Turner County. T erbena 
rigida Spreng.— Pike County. Verbena simplex 
Lehm. — Clayton County. Verbena tenuisecta Briq. 

— Colquitt County. 

FLORIDA: Lantana Camara L. — Charlotte, 
Dade, and Polk Counties. Lantana Camara var. 
aculeata (L.) Moldenke— Hillsborough County. 
Lantana involucrata L.— De Soto County. Lantana 
montevidensis (Spreng.) Briq.-Polk .County Sty- 
lodon carneus (Medic.) Moldenke— Jackson Conn- 
tv. Verbena maritima Small — De Soto Cou ^* 
MISSISSIPPI: Phyla lanceolata (Michx.) 
Greene — Harrison County. Verbena bonariensis L. 
—Harrison County. Verbena canadensis (L.) Brit- 
ton— Pike County. 1 n , 

OHIO: Phyla lanceolata (Michx.) Greene— Ut- 
tawa and Wayne Counties. Verbena hastata L.— 
Ottawa County. Verbena urticifolia L. Belmont, 
Richland, Tuscarawas, and Warren Counties. 

ILLINOIS: Phyla lanceolata (Michx.) Greene 
—Henderson and' Tazewell Counties 
bracteata Lag. & Rodr.— Henderson County. X ? er- 
bena Engelmannii Moldenke— Tazewell County. 
Verbena hastata L.-Tazewell County. Verbena 
simplex Lehm. — McLean County. Verbena urticifo- 

Via L. — Tazewell County. 

IOWA: Phyla lanceolata (Michx.) Greene 
Jackson County. Verbena bracteata Lag. & Rodr. 
Dickinson and Dubuque Counties. 

KENTUCKY : Phyla lanceolata (Michx.) Greene 
— And*erson County. Verbena bracteata Lag. & Rodr. 
—Anderson County. Verbena simplex Lehm.— An- 
derson County. Verbena urticifolia L.— Harlan 

County. . T n 

TENNESSEE: Callicarpa americana L. Urun- 
dy County. Phyla lanceolata (Michx.) Greene 
: Obion County. Verbena bracteata Lag. & Rodr. 

Obion County. Verbena simplex Lehm. Claiborn 
, County. Verbena stricta Vent.— Obion County. I er- 
: Lena urticifolia L.— Obion County. Verbena urtici- 

- folia var. leiocarpa Perry & F ernald— Obion County. 
i NORTH DAKOTA: Verbena bracteata Lag. & 
Rodr. — Cass County. Verbena hastata L. Pem- 
bina County. Verbena stricta Vent. Cass County, 
n Verbena ulticifolia var. leiocarpa Perry & Fernald— 
*• Verbena urticifolia var. leiocarpa Perry & Fernald 

d —Ransom County. . T . 

County. X Verbena Engelmannii Moldenke Emn 

County. . 

MISSOURI: Callicarpa americana L. — Lhariton 
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Fig. 1. Clerodendrum spectabile. Flowering branch before being dried; about y 8 natural size. Photo by Beckwith 
courtesy of David Fairchild, 


County. 3 Verbena canadensis (L.) Britton — Bates 
County. X Verbena Perriana Moldenke — the entry 
on page 9 of the original list should read: Jackson, 
Jasper, and Saint Louis Counties. Verbena stricta 
Vent— Chariton County. 

ARKANSAS: Callicarpa americana L. — Ashley 
County. Phyla lanceolata (Michx.) Greene — Ran- 
dolph County. Verbena bonariensis L. — Logan 
County. Verbena canadensis (L.) Britton — Logan 
County. 

WYOMING: Verbena bracteata Lag. & Rodr. — 
Hot Springs County. 

UTAH : Phyla cuneifolia (Torr.) Greene — Sevier 
County. Verbena bracteata Lag. & Rodr. — Tooele 
and Utah Counties. 

COLORADO: Verbena hastata L. — Arapahoe 
County. Verbena MacDougalii Heller — La Plata 
County. 

3 This record finally substantiates the hitherto unveri- 
fied statements of N. L. Britton, Robinson & Fernald, 
Baker, and F. S. Mathews, to the effect that this species 
grows wild in Missouri. This statement had been chal- 
lenged by the present writer in his monograph of the genus 
(Fedde, Report. Spec. No. 39:307. 1936) because of the 
absence of substantiating herbarium vouchers, and the 
following statement was made: “Collectors who have trav- 
ersed all of Missouri inform the writer that it does not 
occur in that state.” 


NEBRASKA: Verbena hastata L. — Kearney 
County. Verbena urticifolia L. — Adams County. 

TEXAS: Tetraclea Coulteri A. Gray — Hidalgo 
County. V erbena canescens var. Roemeriana 
(Scheele) Perry — Brooks County. Verbena Halei f. 
albi flora L. I. Davis — Brooks and Hidalgo Coun- 
ties. V erbena neomexicana var. xylopoda Perry — 
Webb County. 

, ARIZONA: Verbena ambrosifolia Rydb. — Union 
County. Verbena bipinnatifida Nutt. — Navajo 
County. V erbena ciliata Benth. — Gila and Pima 
Counties. 

WASHINGTON: Verbena bracteata Lag. & 
Rodr. — Franklin County. 

CALIFORNIA: Verbena ciliata Benth. — Los 
Angeles County. V erbena lasiost achy s var. septen- 
trionalis Moldenke — Contra Costa County. 

MEXICO: Aegiphila Deppeana Steud. — Puebla. 
Lippia Pringlei Briq. — Durango. Phyla cuneifolia 
(Torr.) Greene — San Luis Potosi. Vitex mollis 
H.B.K. — Veracruz. 

GUATEMALA: Cornutia grandifolia var. inter- 
media Moldenke — Amatitlan and Sacatepequez. 

NICARAGUA: Cornutia grandifolia (Schlecht. 
& Cham.) Schau.— Chontales. 


i$gr 



MOLDENKE VERBENACEAE AND AVICENNIACEAE 


ST. THOMAS: Avicennia africana P. Beauv. 
Clerodendrum speciosissimum Van Geert. Cleroden- 
drum umbellatum Poir. Duranta repens L. Lantana 

Camara L. .. . 

PRINCIPE: Clerodendrum Thomasu Moldenke. 

Clerodendrum volubtle P. Beauv. 

ANNOBON ISLAND: On page 48 of the origi- 
nal list change " Clerodendrum Preussii Giirke to 
read " Clerodendrum Silvaeanum Henriq.” 

UNION OF SOUTH AFRICA: Lippia scabra 
Hochst. — Transvaal. 

AFGHANISTAN : Vitex trifolia L. 

INDIA: Holmskioldia sanguinea Retz. — Bengal. 
PHILIPPINE ISLANDS: Avicennia marina 
var. Bumphiana (H. Hallier) Bakh.— Jolo. Calli- 
carpa longifolia Lam.— Cebu. Clerodendrum mma- 
hassae Teijsm. & Binn.— Busuanga. Geunsia fan- 
nosa Blume— Mindanao and Sulu. Premna nauseosa 
Blanco— Corregidor. Tectona grandis L. f.— Basi- 
lan. Vitex quinata (Lour.) F. N. Will. -Palawan. 
Vitex trifolia var. bicolor (Willd.) Moldenke 

Mindanao. . , V t 

SUMATRA: Geunsia furfuracea (Bakh.) Moi- 

^BRITISH NORTH BORNEO: Geunsia fari- 

nosa Blume. , . . , , 1 

BORNEO: Geunsia furfuracea (Bakh.) Mol- 

dciilcc 

CELEBES: Geunsia furfuracea (Bakh.) Mol 


Fiff. 2. Clerodendrum spectabile. Photograph of the 
type specimen in herd. Arnold Arboretum ; about ' %e 
natural size. Photo courtesy of New York Botanical 
Garden. 

CUBA: Lantana Camara var. mista (L.) L. H. 
Bailey — Havana. 

MONTSERRAT : Stachytarpheta yamaicensis 

(L.) Vahl. 7 . 

COLOMBIA: Clerodendrum fragrans var. pleni- 
florum Schan.— Choco. Peirea aspera Turcz. -Mag- 
dalena. Phyla nodiflora (L.) Greene Magdalena. 
Vitex compressa Turcz. — Atlantico. 

VENEZUELA: Lantana Moritziana Otto & 

Dietr. — Bolivar and Lara. 

ECUADOR: Vitex flavens H.B.K. — El Oro and 

Los Rios. , 0 ^ 

PERU : Aegiphila multiflora Ruiz & * av. 

^BRAZIL: Lippia hermannioides Cham.— Goyaz. 

CANARY ISLANDS: Verbena officinalis L. 
Gran Canaria. 

SPAIN : Lantana Camara L. 

SOUTHERN NIGERIA : Stachytarpheta cayen- 

nensis (L. C. Rich.) Vahl. . . . ,. . 

CAMEROONS: On page 47 of the original list 
change “Clerodendrum Preussn Gurke to read 
“Clerodendrum Silvaeanum Henriq." 

FERNANDO PO: Clerodendrum Silvaeanum 
Henriq. Clerodendrum volubile P. Beauv. 
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Carolina. Vitex N eg undo var. incisa (Lam.) C. B. 
Clarke — Arizona. 

Geunsia furf uracea (Bakh.) Moldenke, comb. nov. 

Callicarpa pentandra var. paloensis f. furf uracea 
Bakh. in Lam. & Bakh., Bull. Jard. Bot. Buitenz., 
ser. 3, 30: 15. 1921. 

Clerodendrum spectabile Moldenke, sp. nov. fig- 
ure 1 and 2. 

Frutex; ramis percrassis medullosis tetragonis 
pulverulentis vel glabris; foliis magnis; petiolis 10- 
45 cm. longis glabratis ; laminis f oliorum membrana- 
eeis cordato-ovatis 22-36 cm. longis latisque acumi- 
natis remote sinuato-dentieulatis, ad basin profunde 
cordatis, supra parce pilosulis vel glabrescentibus, 
subtus glabrescentibus punctatis; inflorescentiis ra- 
cemiformibus densissimis terminalibus usque ad 60 
cm. longis et 13 cm. latis. 

Shrub, about 2.5 m. tall; branches very stout and 
medullose, tetragonal, decussately compressed, pul- 
verulent or glahrate ; leaves decussate-opposite, very 
large; petioles stout, 10-45 cm. long, glabrate, col- 
lapsing at base in drying; blades thin-membranous, 
dark-green above, lighter beneath, cordate-ovate, 
22-36 cm. long and wide, acuminate at apex, re- 
motely sinuate-denticulate along the margins, deep- 
ly cordate at base, very sparsely pilosulous or gla- 
brescent above, glabrescent and punctate beneath; 
midrib flat above, prominent beneath ; secondaries 4, 
issuing from the apex of the petiole in palmate 
fashion, 8-10 smaller ones issuing from the midrib 
at more or less irregular intervals to the apex ; ter- 
tiaries slender, numerous, connecting the seconda- 
ries, more or less parallel ; veinlet reticulation rather 


obscure on both surfaces ; inflorescence an extremely 
dense terminal raceme to 60 cm. long and 13 cm 
wide, practically uniform in diameter throughout* 
peduncles apparently abbreviated, resembling the 
branches in all respects ; bracts and bractlets ex- 
tremely numerous, red-brown, the larger ones keel- 
shaped, elliptic or lanceolate, to 4 cm. long and 2.5 
cm. wide, acuminate, glabrate, the smaller ones 
linear-elongate; flowers in individual clusters of 
about 20, interspersed with many undeveloped ones 
and with two or more long bracts per cluster ; calyx 
red, glabrate, in fruit pure lacquer-red, its five lobes 
lanceolate, to 2 cm. long, broadest at base, long- 
acuminate at apex ; corolla large, lighter red than 
the calyx, the tube slender, to 4 cm. long, the limb 
bilabiate, the lower lip 2-parted, the .upper lip 3- 
lobed ; corolla in bud “with the shape of a tennis 
racket, flat, with the stamens curved around in its 
upper part”; stamens 4, about 2 cm. long, curved 
red; anthers introrse, dehiscing longitudinally ; stig- 
ma bifid, green. 

The type of this most remarkable and distinctive 
species was collected by Hugo Curran ( Fairchild 
Garden Expedition No. 817) in sunny spots at sea 
level in the forest at the edge of a sago swamp on 
the northeast coast and “on top of the island,” Mani- 
pa, Molucca Islands, May 6, 1940, and is deposited 
in the herbarium of the Arnold Arboretum. Dr. 
David Fairchild says of it in his original notes : “The 
most amazing species of this genus that I have ever 
seen, having the showiest spikes of flowers of any 
kind I ever saw.” 

New York Botanical Garden, 

New York 58, New York 
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ACCURACY OF THE LOCAL-LESION METHOD FOR MEASURING VIRUS 
ACTIVITY. IV. SOUTHERN BEAN MOSAIC VIRUS 1 

W. C. Price 


Detailed procedures for estimating the relative 
potency of drugs from the response induced in test 
animals by injection of graded doses were worked 
out by Bliss and Marks (1939a and 1939b). These 
procedures make it possible to calculate not only the 
most probable relative activity of the drug in terms 
of a standard^ but also the limits within which the 
true activity will lie for any given level of signifi- 
cance. In recent work (Spencer and Price; 1943; 
Price and Spencer; 1943a, 1943b), the procedures 
of Bliss and Marks were applied in determining the 
accuracy of measuring the relative activities of cer- 
tain plant viruses. From the results it was found 
that the relative activities of tobacco mosaic, tobacco 
necrosis, and tobacco ringspot viruses could be esti- 
mated with errors not exceeding 10, 11, and 14 per 
cent, respectively, under the prevailing experimental 
conditions and that the standard error of estimate 
was a reliable measure of the experimental error. 
The results with alfalfa mosaic virus were less satis- 
factory; the standard error of estimate could not 
be counted upon to give a reliable estimate of the 
true error. The present paper describes the results 
obtained when essentially the same procedures were 
applied in measuring the relative activity of south- 
ern bean mosaic virus ( Marmor laesiofaciens Zau- 
meyer and Harter). 

The virus. — Southern bean mosaic virus was first 
described by Zaumeyer and Harter (1942, 1&4&) 
who found all tested varieties of bean (Phase olus 
vulgaris L.) to be susceptible. In some varieties, red- 
dish necrotic lesions about 1 mm. or less in diameter 
were produced on inoculated leaves, and the virus 
was localized in these lesions. In other varieties no 
symptoms appeared on inoculated leaves, but the 
virus became systemic and caused a mottling disease 
in the young leaves. More recently, a strain of the 
Blue Lake variety was found to develop a systemic 
necrosis when infected with the virus (Zaumeyer 
and Harter, 1944), Mottling type Varieties serve as 
a means of propagating the virus and of obtaining 
it in relatively large quantities. Local lesion type 
varieties offer a means of determining the relative 
activity of virus samples used in experimental work. 
In the present work, the virus was propagated in the 
Bountiful variety of garden bean and its activity 
was determined by inoculation of the Early Golden 
Cluster variety. 2 The virus samples used in the rela- 

1 Received for publication June 13, *1945. 

2 Seed of this variety was obtained from Peter Hender- 
son and Co., 35 Cortlandt Street, New York, N. Y. It seems 
likely that there may be more than one strain of the variety 
since Zaumeyer and Harter (1943) found Golden Cluster 
wax bean plants to respond to infection with southern bean 
mosaic virus by the production of systemic mottling symp- 
toms rather than with local lesions as was found here. 


tive activity experiments to be reported were all 
from one stock solution, originally from Bountiful 
bean plants, but obtained in highly purified form by 
a chemical treatment to be described in a later pub- 
lication. 

The dilution . curve. — It was pointed out by 
Youden, Beale, and Guthrie (1935), and indepen- 
dently by Bald (1937a), that the relationship be- 
tween virus concentration and numbers of lesions 
produced on susceptible host plants by a number of 
different viruses could be expressed by an equation 
of the form 


This equation was derived from the Poisson series 
on the assumption that a single virus particle is 
sufficient to cause infection, y being defined as the 
number of lesions obtained with dilution x of the 
virus, N the number of susceptible regions on the 
host plants, n the number of virus particles per cc,, 
v a small volume whose exact size need not be known, 
and e the base for natural logarithms. 

Bald (1937b) later showed that many virus dilu- 
tion series failed to follow this simple equation pre- 
cisely. For such cases, he (1937c) derived a second 
equation which was based on the assumption that 
in concentrated solutions the virus particles w r ere 
aggregated but became dissociated on dilution. If 
the number of aggregates be taken as b, the simple 
equation assumes the form 


and the exponential may be solved in terms of vnx 

to give 

VI + 4Kvnx — 1 

vbx = ' — — ■ 

2K 

in which K, the equilibrium constant, is in effect a 
measure of the distortion of the dilution series. 

If, in the case of a particular virus, the simple 
equation always held, there would be a region in 
which the relationship between lesions and vims 
concentration would be expressed approximately by 
a straight line with unit slope. In this region, the 
number of lesions produced by a virus sample could 
be considered as an exact measure of its activity. 
Moreover, this region would extend into that portion 
of the dilution curve where the experimental error 
is small. On the other hand, if the more complex 
equation held for a particular virus, the straight line 
of unit slope relationship would hold only in the 
more dilute range of the curve where the experi- 


[The Journal for November (32:539-619) was issued November 30, 1945] 
American Journal of Botany, Vol. 32, No. 10, December, 1945 


613 


614 


AMERICAN JOURNAL OF BOTANY 


[Vol, 32, 


To determine the shape of the southern bean mo- 
saic virus dilution curve, series of dilutions were 
used to inoculate leaves of Early Golden Cluster 
bean plants. The method of inoculation is illus- 
trated in figure 1. A cheesecloth pad saturated with 
the test dilution was firmly rubbed over each leaf 
as it rested on the palm of the hand. In four tests, 
the dilutions were prepared with 0.1 M potassium 
phosphate buffer at pH 7. In the first two tests, 
freshly extracted juice of diseased Bountiful bean 
plants was used. In a third test the virus was a 
chemically purified sample, and in the fourth test 
it was a sample prepared by alternating cycles of 
high and low speed centrifugation, as will be de- 
scribed elsewhere. For these last two tests the dilu- 
tions are expressed in terms of gms./cc. of virus. 

It was possible to fit the experimental points of 
the second test to the curve of the simple dilution 
equation with N taken as 10,000 and vn as 53.1. 
The more complex equation was resorted to for the 
other three tests. The observed and calculated num- 
bers of lesions for the different virus concentrations 
of each of the four tests are summarized in table 1 
and the theoretical curves are presented in figure 2. 
It is obvious by inspection that the fit of the data 
to the curves is not so good as might be desired. 
Nevertheless, it is clearly apparent that the rela- 
tionship between virus concentration and numbers 
of lesions is a variable. The relationship is probably 
influenced by the virus samples employed, the host 
plants, and the environmental conditions. 

In general the experimental error for lesion 
counts is least when the number of lesions per leaf 
is, on the average, not less than about 10 nor greater 
than about 200. This corresponds roughly to the 
region of the dilution curve where log (vnx) is not 
less than — 1.75 nor greater than 0.25. As seen in 
figure 2, the relationship between lesions and virus 
concentration over this range is represented by a 

Table 1 . Numbers of lesions produced on Early Golden Cluster bean plants with various concentrations of southern 

bean mosaic virus. 


-Log' 

concen- 

tration 

Test 1 

Lesions 

(observed) 

O 

Lesions 

(calcu- 

lated) 

Test 2 

Lesions 

(observed) 

Lesions 

(calcu- 

lated) 

-Log" 

concen- 

tration 

Test 3 

Lesions 

(observed) 

A 

Lesions 

(calcu- 

lated) 

Test 4 O 

Lesions 
Lesions (calcu- 

( observed) lated) 


(30 leaves) 


(30 leaves) 



(48 leaves) 


(48 leaves) 


0.5 

11,356 

10,376 



3.0 

7,404 

7,868 

21,601 

22,694 

1.0 

10,355 

8,005 

11,962 

10,000 

3.5 

10,234 

6,888 


19,879 

1.5 

6,022 

5,414 

16,218 

10,000 

4.0 

4,880 

5,030 

15,570 

14,857 

2.0 

2,699 

3,269 

8,102 

9,950 

4.5 

3,664 

3,002 

9,613 

10,105 

2.5 

2,078 

1,775 

8,086 

8,136 

5.0 

1,523 

1,507 

6,713 

6.040 

3.0 

783 

878 

- 3,158 

4,120 

5.5 

380 

608 

2,706 

3,252 

3.5 

569 

378 

1,812 

1,548 

6.0 

244 

215 

1,278 

1.490 

4.0 

141 

161 

311 

518 

6.5 

30 

73 

653 

670 

4.5 

50 

48 

151 

166 

7.0 

35 

23 

343 

251 

5.0 



163 

: 53 : 

7.5 

10 

6.5 

188 

85 

5.5 ■■■ 



13 

17 







a In tests 1 and 2, expressed juice of diseased plants was used. The virus concentration of the undiluted juice is 
taken as unity. 

b In tests 3 and 4, purified virus preparations were used. Virus concentration is expressed in grams per cc. 



mental error is relatively large. In the region of 
small experimental error the number of lesions could 
not be taken as an exact measure of virus activity. 


i 





^ 


Fig. 1. Photograph illustrating method of inoculating 
bean leaves with southern bean mosaic virus. (Photograph 
by J. A. Carlile.) 

For precise measurements, therefore, it would be 
necessary to use a method, such as that of Bliss and 
Marks, in which the slope of the curve is experi- 
mentally determined for each activity test. 
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curved line, the degree of curvature depending upon 
whether the particular data under consideration fol- 
low the simple exponential equation or the more 
complicated one. For practical purposes, however, a 
linear relationship may be assumed provided the 
interval between the most concentrated and least 
concentrated virus samples is not greater than 
about two log units. The slope of the line will vary 
from test to test and must therefore be determined 
from the data. 

The method of assay. — In previous papers 
(Spencer and Price, 1943; Price and Spencer, 
1943b), the method of calculating the relative ac- 
tivity of a virus preparation from data such as will 
be presented here was given in detail. The proce- 
dure employed in the case of southern bean mosaic 
virus was similar to that referred to as Scheme I 
in the previous papers. However, Scheme I was not 
followed exactly and for this reason the procedure 
followed in the present work will be discussed in 
more detail than otherwise would be necessary. 


♦ N~ 10,000, on™ 53.I 
& N m 8,ioo, vn m 28,400, 2 

0 N"* 12,000, vn"i33, K-jo 
0 N= 23,500, vn m 117,800, K m io 


1 0 1 
Log (vnx) 


Fig. 2. Plot of the dilution curves for southern bean 
mosaic virus when Early Golden Cluster bean plants were 
used as test plants. (Photograph by J. A. Carlile.) 

A purified preparation containing 5.45 mg./cc. 
of virus was used as the standard. It was diluted 
with 0.1 M potassium phosphate buffer at pH 7 to 
give preparations containing about 10“ 6 gm./cc. 
(S x ) and 10~ 5 gm./cc, (S 2 ). The preparations 
designated as unknowns were obtained from the 
standard by dilution with pH 7 phosphate buffer. 
Two dilutions of each unknown, with an interval of 
dilution of 1:10, were used and are referred to as 
U x and U 2 . 

In each test, 18 pots, each containing three Early 
Golden Cluster bean plants, were used. Each plant 
bore two primary leaves, designated arbitrarily as 
leaf 1 and leaf 2. In the first three pots, Sx was 
placed on the left half of leaf 1 and Ux on the right 
half, while S 2 was put on the left half of leaf 2 and 
U 2 on the right half. In the second group of pots 
the leaf halves were reversed, Sx and S 2 being 
placed on the right halves and Ux and U 2 on the 
left halves. Pots 7 to 9 and 13 to 15 were replicates 


of pots 1 to 3 while pots 10 to 12, and 16 to 18 were 
replicates of pots 4 to 6. Thus, each of the four 
virus preparations occurred as often on the left 
halves of the leaves as it did on the right halves. 
After five days the lesions were counted and tabu- 
lated. 

The lesions produced by each of the four virus 
preparations on the three plants in each pot were 
summed. This gave a table with 18 counts for each 
virus suspension. In order to reduce the arithmetical 
labor, the data were still further aggregated in the 
following manner : the counts for the same prepara- 
tions in pots 1 and 1 8 were added together, likewise 
those for pots 2 and 17, 3 and 16, 4 and 15, 5 and 
14, 6 and 13, 7 and 12, 8 and 11, and 9 and 10, 
giving a table with nine entries for each of the four 
virus preparations and automatically adding to- 
gether counts on the left and right halves of the 
leaves. 

One complicating factor entered into the aggre- 
gation of the data in this manner. Occasionally a 
bean plant was found which, for some unknown 
reason, appeared to be completely refractory to 
infection; no lesions developed even after inocula- 
tion with the most concentrated virus samples. It 
was necessary to correct for such missing data. 
This was done by substituting for the missing value 
the mean of the remaining counts for the same 
treatment in the same block of pots. An error was 
thus introduced into the estimate of the relative 
activity and its standard deviation but, judged by 
the results, the error was not particularly sig- 
nificant. 

Data from experiment 19, in which actual lesion 
counts were converted to logarithms, are sum- j 
marized in table 2. These data will be used as an j 
example to show how the relative concentration of j 
the unknown and the standard error of estimate j 
were calculated. j 

As given previously (Price and Spencer, 1943b) 8 , j 
the equation for determining the relative activity of j 
U in terms of S, or the log ratio of potencies, is \ 
dISxS ' 

M = I 

b'N 

for an even number of dilutions. M is the log ratio 
of potencies, d is a factor for difference, b' is a fac- 
tor for slope of the combined dilution curve, I is the 
interval in logarithms between dilutions, and N is 
the total number of dilutions. Since, in all the tests 
to be reported, I = 1.0, Xx 2 = 4, and N = 4, the 
above equation reduces to 

d 

M = — . 
b' 

The factor d is obtained by multiplying the treat- 
ment totals by the corresponding factorial coefficient 
for difference and summing the products. Similarly, 

8 At the suggestion of the reviewer, the symbolism of 
the 1943 paper has here been modified to conform with that 
used in earlier papers by Bliss and Marks (1939a, 1939b) 
and others. 
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Table 2. Summary and analysis of the data of experiment 19 in which U = 0 
Lesion counts aggregated by pairs of pots and converted to logarithms 


Pots number 

Si 

Ui 

s 2 

U 2 

Pot total 

1, 18 

1.52 

1.20 

2.23 

1.89 

6.84 

2, 17 

1.63 

1.00 

2.09 

2.02 

6.74 

3, 16 

1.49 

1.11 

2.01 

1.84 

6.45 

4, 15 

1.63 

1.34 

2.23 

1.94 

7.13 

5, 14 

1.43 

1.08 

2.05 

1.91 

6.47 

6, 13 

1.40 

1.11 

1.91 

1.90 

6.32 

7, 12 

1.45 

1.41 

1.97 

1.93 

6.76 

S, 11 

1.40 

1.34 

2.03 

1.73 

6.50 

9, 10 

1.20 

1.18 

1.75 

1.72 

5.85 

Treatment total 

13.15 

10.77 

18.26 

16.88 

59.06 



Factorial coefficients 



Difference (d) 

— 1 

+1 

—1 

+ 1 


Slope (b') 

—1 

—1 

+1 

+1 


Opposed slope 

+ 1 

—1 

—1 

+1 


Analysis of variance 




D/F 

SS 

V ariance 

Between leaves . . , 



17 

3.8232 


Within leaves 



18 

.6400 


Total 



35 

4.4632 



Between pots 
Slope (B2) .. 
Error for B.. 


Between leaves 

Difference (D2) .. 
Error for D 


Within leaves 

Opposed slope , 
Residual error . 

Error for D. . 


the factor b' is obtained by multiplying the same 
treatment totals by the factorial coefficients for 
slope and summing. In the example of table 2, d = 
— 3.76, b' = 11.22, M = — .3851, and the anti-log 
of M, or the relative activity, is 0.462, where the 
true value is 0.5. 

The true slope (b) of the combined dilution curve 
is equal to 2b'/N'25x 2 , where N' is the number of 
replicates and the other symbols have the same 
meaning as before. In the tests under consideration 
N' = 9, I = 1.0, 2x 2 = 4, and therefore b = 
2b'/36 = b7l8. For the data of table 2, b = 
11.22/18 = 0.62. 

Presentation of results. — The results of 26 
experiments on accuracy of measuring southern 
bean mosaic virus are presented in table 3. There 
were four sets of experiments, in which U was 25 
per cent, 35 per cent, 50 per cent, and 75 per cent 
of S. This is indicated in column A of the table. In 
preparing these unknowns, portions of the standard 
were measured with graduated pipettes and diluted 
with sufficient buffer to give the desired concentra- 


tion. The error involved in the preparation is 
thought to have been small. Column B gives the 
estimate of the log ratio of potencies obtained from 
the experimental data and column F the calculated 
value of the estimated relative activity of U in 
terms of S. The true slope (b) of the combined 
dilution curve is given in column G. 

It will be noted from column F that the activity 
of southern bean mosaic virus was estimated very 
accurately on the average. When U was 25 per cent 
of S the average inaccuracy of measurement was 
15.6 per cent. The most accurate measurement was 
that of test 8 in which the error was 4 per cent and 
the least accurate was that of test 3 in which the 
error was 32 per cent. The four tests with U = .35 
S had an average error of 3.8 per cent and a maxi- 
mum of 7 per cent. F or the twelve tests with U = 
.50 S the average error was 8.7 per cent with a 
minimum of less than 1 per cent (tests 14 and 22) 
and a maximum of 26 per cent (test 17). The error 
of measurement exceeded 10 per cent in only nine 
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Table 3. Summary of results of tests on accuracy of measuring southern bean mosaic virus. 


Test 

number 

True M 
(A) 

Found M 

(B) 

Difference 

(B-A) 

(C) 

(S.E.) 

(D) 

C/D = t 
(E) 

Activity 
of U* 

(F) 

True 
slope b 
(G) 

1 

—.6021 

—.5684 

.0337 

.0877 

.38 b 

.270 

.40 

5 

—.6021 

—.6387 

— .0366 

.0692 

—.53 

.230 

.74 

3 

—.6021 

— .7661 

—.1640 

.1016 

—1.61 

.171 

.46 

4 

—.6021 

—.6942 

—.0921 

.0800 

—1.15 

.202 

.50 

5 ■' 

—.6021 

—.5737 

. .0284 

.0439 

.65 

.267 

.60 

6 

—.6021 

—.7129 

—.1108 

.0905 

—1.2 2 C 

.194 

.57 

7 

—.6021 

—.6853 

—.0832 

.0772 

—1.08 

.206 

.74 

8 

—.6021 

—.6240 

—.0219 

.0767 

—0.29 

.238 

.71 

9 

—.6021 

—.5195 

.0826 

.0541 

1.53 

.302 

.78 

10 

—.4559 

—.4866 

—.0307 

.0384 

—.80 

.326 

.68 

11 

—.4559 

—.4368 

.0181 

.0485 

.38 

.366 

.58 

12 

—.4559 

—.4456 

.0103 

.0473 

.22 

.358 

. ..75 

13 

— .4559 

—.4571 

—.0012 

.0544 

—.02 

.349 

.78 

14 

—.3010 

—.2981 

.0029 

.0566 

.05 

.503 

.49 

15 

—.3010 

—.3680 

—.0670 

.0482 

— 1.39 b 

.429 

.77 

16 

—.3010 

—.2531 

.0479 

.0372 

1.29 

.558 

.58 

17 

—.3010 

—.2043 

.0967 

.05 03 

1.92 

.625 

.62 

18 

—.3010 

—.2970 

.0040 

.0576 

.07 

.502 

.75 

19 

—.3010 

—.3351 

—.0341 

.0663 

—.51 

.462 

.62 

20 

—.3010 

—.3289 

—.0279 

.0393 

—.71 

.469 

.67 

21 

—.3010 

—.3407 

—.0397 

.0656 

—.61 

.457 

.65 

22 

—.3010 

—.3035 

—.0025 

.0677 

—.04 

.497 

.55 

23 

—.3010 

—.2723 

.0287 

.0435 

.66 

.534 

.83 

24 

—.3010 

—.3297 

—.0287 

.0870 

—.33 

.468 

.73 

25 

—.3010 

—.3918 

—.0908 

.0389 

2.33 !l 

.406 

.68 

26 

—.1249 

—.0979 

.0270 

.0394 

.68 

.798 

.68 


a t value significant at .05 level 
b Opposed slope significant at .05 level. 
* Opposed slope significant at .01 level. 


Spencer (1943b) that the equation for calculating j 
the standard error of the log ratio of potencies from j 
experimental data such as are here being eonsid- | 
ered is | 

kl 

s M = — v b2 v d + D2Y B j 

B2 ■ ■ j 

where Vd and V B represent the variance for the dif- 
ference between the two virus samples and the j 
variance for the slope of the combined dilution 
curve, respectively, B 2 = b' 2 /N'S(x) 2 , D 2 = 
d 2 /N'S(x / ) 2 , k = ■V2(x) a /5(x > ) 2 for an even 
number of dilution, N' being the number of repli- j 
cates, x the factorial coefficient for slope, and x' the l 
factorial coefficient for difference. Since in the tests 
here considered k = 1 and I = 1.0, f 

i • ____ ! 

Sm = — \/B2V 1( + D2\V I 

B2 | 

V D and Vb are obtained by analysis of variance 
as shown in the lower portion of table 2. It will be 
noticed that the estimate for Vo contains the vari- 
ance for opposed slope. This was included to com- j 
pensate for the fact that the estimate for M should 
be less accurate when the dilution curves for S and 
U are not parallel than when they are. 

Table 2 gives Vd = .01415 and V» = .0076. Sub- 


I 


of the 26 tests, 15 per cent in only seven tests, and 
20 per cent in only three tests. 

There were sufficient numbers of tests at the 0.25 
and 0.5 concentration levels to calculate the stand- 
ard deviation of an estimate at these levels directly 
from the data of column F. At the 0.25 level, the 
standard deviation of a single observation is .044, 
and at the 0.5 level it is .057. Expressed on a per 
cent basis these standard deviations are 17.6 and 
11.4 per cent, respectively. Thus it can be concluded 
that in experiments carried out by the method de- 
scribed the probability is 0.95 that the estimate 
should not differ from the true value of the un- 
known by more than 40 per cent when the true 
value is about 25 per cent of the standard, nor by 
more than 25 per cent when the true value is about 
50 per cent of the standard. The agreement should 
be even better when dilutions are chosen such that 
the standard and unknown have approximately 
equal activities. 

The standard error op estimate.— It was 
pointed out by Bliss and Marks (1939b) that the 
standard error of a single estimate could be calcu- 
lated directly from the data. The question arises as 
to whether or not the standard error of estimate is 
a reliable measure of the accuracy of estimating the 
activity of southern bean mosaic virus in tests such 
as those described here. It was shown by Price and 


618 


AMERICAN JOURNAL OF BOTANY 


[Vol. 32, 


stituting these values in the equation for Sm there 
is obtained 

1 Vz 

S M = 3.4969 (.0145) + .3927 (.0076) = .0663. 

3.4969 

This can be multiplied by the appropriate t value 
for any desired level of significance to give the 
range within which the true value of M should be 
found for that level. 

Column D of table 3 gives the standard error of 
estimate of each experiment, as determined by the 
above equation. The standard deviation of estimate 
may be calculated directly from the column of dif- 
ferences (column C) since there are nine such dif- 
ferences at the 0.25 level and 12 at the 0.5 level. 
The calculated values are .0851 and .0497, respec- 
tively, at the two levels. The means of the standard 
errors for the corresponding levels are .0756 and 
.0549, respectively. Thus it is seen that the mean of 
the standard errors calculated from the equation 
for Sm is a fair approximation of the standard de- 
viation. However, the standard errors fluctuate 
widely about their means. 

Several other tests may be applied in determining 
whether the standard error of estimate provides a 
reliable estimate of the true error. The quotients 
obtained when the differences of column C are di- 
vided by the corresponding standard errors are 
given in column E. These quotients are referred to 
as t values since they should be distributed roughly 
as t with n degrees of freedom. In testing the sig- 
nificance of the t values of column E, 17 degrees of 
freedom, corresponding to V D , were arbitrarily 
used. For 17 degrees of freedom a t value of 2.11 
is significant at the 0.05 level and one of 2.90 at the 
0.01 level. Only one of the t values in table 3 (test 
25) is significant at the 0.05 level, and none at the 
0.01 level. This result is in agreement with theory. 
A more sensitive test for the distribution of the 
individual t values is obtained from the ratio of 
2(t-t) 2 to the theoretical variance. This we shall 
call x 2 since these ratios should be distributed 
roughly as x 2 with n-1 degrees of freedom. For n 
degrees of freedom entering into the calculation of 
S M the theoretical variance is n/ (n-2). Taking n = 
17, the theoretical variance is 1.133, 2(t~t) 2 — 
24.6567, and x 2 = 24.6567/1.133 = 21.76 giving 
odds greater than .5 but less than .7 that the dis- 
tribution of t values in column E is due entirely to 
chance. The mean of the t values of column E is 
—0,184 and the standard deviation of t m is 0.194. 
The mean therefore does not differ significantly 
from 0, indicating that there was no significant bias 
in the estimation of the relative activity of the 
unknown. 

Discussion.— There are one or two further points 
of interest in the data of table 3. First, in only three 
of the 26 tests (Nos. 1, 6, 15) did the dilution 
curves for S and for U show a significant departure 
from parallelism. Second, as indicated in column G 
of table 3, in no case did the true slope of the com- 


bined dilution curve equal or exceed unity. Its 
average value was approximately 0.65. It is appar- 
ent therefore that the calculation of the activity of 
an unknown with an assumed slope of unity would 
have resulted in a positive bias when the activity 
of the unknown was less than that of the standard 
or in a negative bias when the unknown was more 
active than the standard. Third, comparison of the 
results of tests 1 to 9 with those of 14 to 25 indi- 
cates that the accuracy was considerably greater 
when U was 50 per cent of S than when it was only 
25 per cent of S. This finding was expected and 
agrees with that observed previously in the meas- 
urement of tobacco-mosaic virus (Spencer and 
Price, 1943). The results when U was 35 per cent 
of S were even more accurate than when U was 50 
per cent of S, but this comparison is of doubtful 
significance because of the small number of tests 
involved with U = 0.35 S. The comparison sug- 
gests that the accuracy of measuring the activity 
of an unknown can be increased by making several 
experiments, adjusting the concentration of the 
standard on the basis of the finding for the early 
experiments before proceeding with the later ones. 

It has been pointed out by Bartlett (1936) that 
with the Poisson series the square root transforma- 
tion leads to the variance being more nearly equal 
at all levels of response. The square root transfor- 
mation applied to the data of the 26 experiments 
here considered led to no better estimates of the 
activities of the unknown nor to more uniform 
standard errors. Moreover, many of the tests showed 
a significant departure from parallelism of the 
curves for the standard and unknown. This lack of 
parallelism seems sufficient grounds for rejecting 
the square root transformation in preference to the 
log transformation. 

In attempting to generalize from the specific ex- 
perimental results here obtained, one essential fact 
should be kept in mind. The present tests were car- 
ried out under more or less ideal conditions; the 
activities of the unknowns, as well as those of the 
standards, were sufficiently well known that proper 
dilutions for the most accurate results were used. 
In practical application of the method the dilution 
factor which is chosen may not always lie within 
the ideal range and the calculated estimate of ac- 
tivity may thus be in error by a greater amount 
than it would have been under more ideal conditions. 
However, this increased error will probably be re- 
flected in the standard error of estimate so that the 
limits calculated from the standard error will, in 


the desired proportion of the tests, include the true 
value of the unknown. If a narrower range is de- 
sired, this can be provided by carrying out addi- 
tional tests. 


SUMMARY 


This paper discusses a method for measuring the 
activity of southern bean mosaic virus ( Marmor 
laesiofaciens Zaum. and Harter), which depends 
upon the comparison of the local lesions produced 
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in Early Golden Cluster bean plants by two dilu- 
tions of a virus preparation designated as a stand- 
ard with those produced by two dilutions of a 
preparation called an unknown. There are pre- 
sented several dilution curves of the virus to show 
why the assumption of a slope of unity leads to 
error in estimation of virus activity, and therefore 
why two or more dilutions must be employed to 
determine the slope in each experiment. 

The data show that the activity of the virus can 
be measured with an error that seldom exceeds 10 
or 15 per cent, when the proper concentration of 
the unknown and the standard are chosen for the 
test. Moreover, it was shown that in experiments 
carried out by the method described the probability 
is 0.95 that the estimate will not differ from the true 


value by more than 40 per cent on the one hand, nor 
by more than 25 per cent on the other, when dilu- 
tions are chosen such that the unknown is about 25 
per cent of the standard in the first case or about 
50 per cent in the second. The data also show that 
the accuracy is apt to be greater when the concen- 
trations of the unknown and the standard used in 
the tests differ by only 50 per cent than when they 
differ by 75 per cent. Finally, the data show that 
the error of measurement is indicated fairly accu- 
rately by the standard error of the estimate, which 
may be calculated from the data. 

Department of Animal and Plant Pathology, 

The Rockefeller Institute for Mem cal Research, 
Princeton, New Jersey 
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RUBBER IN CRYPTOSTEGIA LEAF CHLORENCHYMA 1 


Robert T. Whittenberger and Albert Kelner 2 


Although rubber is a fairly common constituent 
of higher plants, most information concerning its 
origin, function, and anatomical occurrence has been 
obtained from investigation of Hevea brasiliensis 
Muell. Arg., or in more recent years, of Parthenium 
argentatum Gray and Taraxacum kok-saghyz Rodin 
(Lloyd, 1911, 1932; Bobilioff, 1923; Memmler, 
1934 ; Spence and McCallum, 1935 ; Mazanko, 1938, 
1940; Prokof’ev, 1939, 1940). Rubber in the dls- 

1 Received for publication June 22, 1945. 

Natural Rubber from Domestic Sources. Paper No*. 9. 

2 Formerly of this Laboratory; now at the University 
of Pennsylvania, Philadelphia, Pa. 

The chemical analyses, which required specially devel- 
oped micro-techniques, were performed by C. O. Wiliits 
and C. L. Ogg. The assistance and cooperation of other 
members of this laboratory are also gratefully acknowl- 
edged. 


persed or latex form occurs in laticiferous ducts in 
Hevea and Taraxacum , and in parenchyma and re- 
sin canal cells in Parthenium . The modes of rubber 
distribution in these plants have been accepted as 
prototypes. The possibility that rubber may occur 
also in regions other than those mentioned, that non- 
latex as well as latex rubber may occur in the same 
plant, and that there may be some relation between 
rubber and such structures as chloroplasts has been 
overlooked. 

With the wartime loss of Hevea rubber, other 
plants have been considered as sources of natural 
rubber. One of these, Cryptostegia , has abundant 
latex, and a well-developed system of laticiferous 
ducts ramifies throughout the entire plant ( Dolley, 
1911; Polhamus et al. , 1934; Viswanath et a/.. 
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1943; Blaser, 1945). Heretofore it has been as- 
sumed that all the rubber of this plant occurred as 
latex in the duct system. However, during a study 
of the latex system of the leaves, it was noted that 
chlorenchyma cells contained large globules which 
stained intensely with oil-soluble stains such as 
Sudan III and oil blue NA (Whittenberger, 1944) 
but were like rubber in that they were insoluble in 
acetone and nonsaponifiable. 

Because of the theoretical and practical impor- 
tance of a possible relation between rubber and 
chlorophyll in this plant, an intensive study of 
these globules was initiated. Most investigations on 
the origin of rubber in plants having laticiferous 
ducts have centered exclusively upon the ducts as 
the site of rubber formation (Bobilioff, 1923; Mann, 
1932; Mazanko, 1938; Blokhintseva, 1940; Pro- 
kof’ev, 1944; and others). Memmler (1934) stated 
that it had not yet been possible to detect rubber in 
other cells, especially in the parenchyma cells sur- 
rounding the laticiferous elements. Furthermore, 
previous workers on Cryptostegia (Dolley, 1911; 
Polhamus et al., 1934; Viswanath et al., 1943; 
Blaser, 1945) did not mention the presence of rub- 
ber in the leaf chlorenchyma. 

Material and methods. — The principal observa- 
tions were made on leaves of Cryptostegia hybrid 
(C. madagascariensis Boj. X C* grandi flora R. 
Br.) and Cryptostegia grandiflora R. Br. Most of 
the plants were grown in Florida and shipped under 
refrigeration to Philadelphia at frequent intervals ; 
other plants were sent from Cuba and Mexico. Sup- 
plemental observations were also made on fresh 
greenhouse plants. 

Leaves were sectioned free hand or with a sliding 
microtome and examined either immediately in a 
drop of water, or after staining with Sudan III or 
oil blue NA. Although the globules could be seen 
in living, unstained leaf sections, they were most 
clearly brought out by the following procedure. 
Sections were treated with Javelle water for ten 
minutes, after which they were thoroughly washed 
in water, rinsed in 50 per cent ethanol, and im- 
mersed for 20 minutes in a saturated solution of oil 
blue NA in 50 per cent ethanol. They were then 
rinsed briefly in 50 per cent ethanol and in water 
and were examined either in water, glycerin, Karo, 
or glycerin jelly. Many observations, especially on 
the laticiferous ducts, were made with the dissecting 
I microscope in order to avoid the displacement and 

loss of rubber attendant on the preparation of sec- 
tions. Procedures for determining solubility and 
other characteristics are described later. 

Results. — Distribution of latex ducts in the leaf . 
— The laticiferous ducts are present in approxi- 


mately equal numbers in the tissue above and below 
the leaf veins which they follow throughout the 
blade. Typical vein patterns are shown in figures 1 
and 2, and a cross section of the midrib in figure 3. 
In a mature leaf, the ducts are most numerous (50 
to 100) and largest (10 to 25 microns in diameter) 
along the midrib ; they decrease gradually in num- 
ber and size as the veins branch. Associated with 
each of the 20 to 25 largest lateral veins are 10 to 
20 ducts of about 8 to 20 microns in diameter. Some 
ducts come in contact with the palisade parenchyma 
and epidermis (Blaser, 1945). Each of the smallest 
veins terminates with a single tracheid (fig. 2) and 
occasionally is devoid of ducts. Individual leaves 
differ widely in the number and size of ducts, and 
probably in the amount of latex rubber they contain. 

Distribution of leaf globules . — The globules are 
clearly visible as colorless, hyaline, homogeneous 
masses even in unstained sections of living mature 
leaves (fig. 4). Figure 5 shows the globules in a 
retted palisade protoplast, and in figure 6 they are 
shown completely isolated. Frequently the larger 
globules are partly surrounded by chloroplasts. The 
globules occur in the cytoplasm of all the green 
mesophyll cells, although they are most numerous 
(1 to 8 per cell) in the palisade layer. In this layer 
they are uniformly distributed and of equal concen- 
tration throughout the leaf blade. In the dorsal half 
of the leaf (spongy parenchyma), the globule-bear- 
ing cells are more numerous adjoining the ducts 
than in nonduct areas (fig. 7). 

The globules may attain a diameter of 10 to 12 
microns (in the palisade cells) although smaller 
diameters (3 to 7 microns) are more common. They 
are therefore considerably larger than the rubber 
particles (fig. 8) of the leaf laticiferous duct sys- 
tem. It should be emphasized, however, that the 
globules vary greatly in size, frequency, and shape, 
depending upon the development, age, and previous 
history of the leaf. In young leaves there are only 
small globules, or none at all; in mature leaves of 
unusually high rubber content, the chlorenchyma 
cells are heavily laden with globular material. In 
the latter cells, many of the globules are distended 
to form oval, sheet-like, or rod-shaped masses. A 
rapid estimate of the quantity of rubber in a leaf 
may be made by noting microscopically the extent 
of the globular material of the cell. 

Character of the unextracted leaf globules «- — 
There are no accurate, direct, microchemical tests 
for determining rubber in small plant cells. Oil blue 
NA and other oil-soluble stains do not differentiate 
rubber from lipids, cutin, resins, suberin, and vari- 
ous waxes, and solubility tests alone are inconclu- 
sive. For preliminary determinations, however, the 


rubber-bearing globules and channels of lower epidermis exposed by the removal of the veins. Bleached with Javelle 
water, stained with oil blue NA. X 50.— Fig. 8. Electron micrograph of latex from tiie leaf laticiferous duct system, j 
X1280. — Fig. 9. Transverse section, bleached with Javelle water, acetone-extracted for 48 hours, and stained with 1 
oil blue NA. X215. Stained bodies in the chlorenchyma are rubber.— Fig. 10. Transverse section, bleached with ; 
Javelle water, ether-extracted for 24 hours, and stained with oil blue NA. X200, No rubber remained after ether 1 
extraction. — Fig. 11. Lower epidermis showing globules in the guard cells. Bleached with Javelle water, stained with i 
oil blue NA. X&15. ■ j 
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collective use of staining and solubility tests con- 
sistently indicated that the globules contained 
rubber. 

Stains such as oil blue NA, Sudan III., Sudan IV, 
oil red N-1700, or alkanet applied directly to the 
leaf stained these globules intensely, sharply differ- 
entiating the larger ones from the chloroplasts, 
although some of the smaller globules were ob- 
scured. The globules could be more distinctly dem- 
onstrated if the cells were first cleared and bleached 
with Javelle water or sodium hypochlorite solution. 
Upon treatment with Javelle water, the chloroplasts 
and even the protoplasts disintegrated and disap- 
peared, whereas the large globules remained essen- 
tially unchanged. As certain chloroplasts disinte- 
grated, small bright globules, which previously 
could not be observed, appeared in their places. 
These were apparently identical in nature with the 
original globules in the intact cell, and took the rub- 
ber stains in the same manner. It was uncertain 
whether these new globules were originally distinct 
but hidden by the chloroplasts, or whether they 
were formed from the disintegrating chloroplastic 
material. 

Solubility of globules was determined by putting 
sections into absolute ethanol or acetone and then 
into particular solvents, in which they were kept 
at room temperature for 24 to 48 hours, or at boil- 
ing temperature for 8 to 16 hours. They were then 
again put into acetone or ethanol, washed with 
water, treated with Javelle water, washed with 
water again and then with 50 per cent ethanol, 
stained, and examined. Usually, however, it was 
more convenient to treat sections with Javelle water 
first and, after extraction, to examine the sections 
directly in acetone or ethanol without staining. Con- 
trol experiments showed that treatment with Javelle 
water did not alter the solubility of the globules. 
Solvents of relatively high polarity were applied 
directly to untreated sections and were permitted 
to act from two to four hours. 

Table 1 shows that the globules had the character- 
istics of rubber. That they were not composed large- 
ly of resins was indicated by their insolubility in 
ethanol, acetone, sulfuric acid, and chloral hydrate ; 
that they were not waxes or fat globules was sug- 
gested by their insolubility in acetone (fig. 9) and 
their nonsaponifiability. The globules were distin- 
guished from gums and mucilages by being insoluble 
in boiling water, chloral hydrate, and Javelle water, 
and soluble in ether (fig. 10). Moreover, they dis- 
solved in the common rubber solvents, such as ben- 
zene, xylene, and carbon tetrachloride. 

The behavior of the globules in acetone and 
ether was characteristic enough to merit particular 
discussion. Acetone caused some of the globules to 
lose their characteristic globular morphology, shrink 
somewhat, and stick in patches to the cell wall (fig. 
9). These bodies stained as brilliantly as ever with 
oil blue NA. Drastic acetone extraction carried out 
for 32 hours at 25 °C. and for 16 hours at boiling 
temperature in no way altered this picture. 


Table 1 . Effect of various treatments on globules in 
Cryptostegia hybrid leaf. 


Treatment 

Observable effect on globules 

Distilled water 

None 


95% ethyl alcohol 

None 


Absolute alcohol 

None 


Methyl alcohol 

None 


Acetone 

Shrink moderately, some 
to cell wall (see text) 

stick 

Ethyl ether 

Dissolve (see text) 


Benzene 

Dissolve (see text) 


Xylene 

Dissolve 


Carbon tetrachloride 

Dissolve 


Carbon disulfide 

Dissolve 


Chloroform 

Dissolve imperfectly 


Glacial acetic acid 

Appear finely pitted 


10% potassium hydrox- 

Shrink slightly, but are 

not 

ide in 95% ethanol 

saponified 


Potassium hydroxide- 

Shrink slightly, but are 

not 

ammonia reagent 

saponified 


Aqueous chloral hydrate 

None 


5% sulfuric acid 

None 


72% sulfuric acid 

Swell slightly, but remain homo- 
geneous 

Javelle water 

Appear finely pitted 


10% ferric chloride 

Negative, tannin absent 



Since Spence and Caldwell (1933) have shown 
that sometimes fats are rendered acetone-insoluble 
by admixture with proteins, sections were treated 
in the following manner to hydrolyze and remove 
proteins before acetone extraction: 

(1) Water extraction for 16 hrs. at 25 °C., + 8 
hrs. boiling. 

(2) 5 per cent H2SO4 extraction for 16 hrs. at 
25 °C., -4- 8 hrs. boiling. 

(3) Water extraction for 16 hrs. at 25 °C., + 8 
hrs. boiling. 

(4) Acetone extraction for 32 hrs. at 25 °C., -f- 16 
hrs. boiling. 

After step 4, staining of sections revealed that 
globules with characteristic “acetone” morphology 
were still present. Finally, after step 4, sections 
were extracted with benzene for 32 hours at 25 °C., 
plus 16 hours at the boiling temperature. No glo- 
bules were present in the somewhat macerated sec- 
tions. 

When sections were extracted in ether or benzene 
for short periods, 18 hours or less at 25 °C., another 
characteristic picture developed. In one experiment, 
for example, sections were treated with Javelle 
water, then ether-extracted for 18 hours at 25 °C. 
The cells appeared entirely empty when examined 
in ether (fig. 10). These sections were then trans- 
ferred directly to a drop of absolute acetone on the 
slide and examined. The cells became filled with 
myriad tiny particles in active Brownian motion, 
which stained brilliantly with oil blue NA. In an- 
other experiment in which sections were given the 
same treatment except that they were ether- 
extracted for 48 hours, the addition of acetone 
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caused no formation of colloidal particles. It 
was probable that ether treatment for 18 hours at 
25 °C. dissolved the globules* perhaps filling the 
cell with a viscous solution which did not penetrate 
the cell wall readily. Subsequent addition of acetone 
precipitated the globules in colloidal form within 
the cell. These colloidal particles redissolved when 
ether was added* but were reprecipitated by ace- 
tone. Since the refractive index of acetone* 1 .35* is 
almost identical with that of ether* 1.36* it is ap- 
parent that the phenomenon cannot be explained by 
a difference in refractive index of the two solvents. 

A similar experiment carried out with benzene 
instead of ether was less satisfactory because the 
entire section was quite transparent. However, a 
fine suspension appeared within the cells when the 
sections were treated with acetone. It should be 
emphasized that this phenomenon appeared only 
in fairly thick sections (50 to 100 g) extracted for 
18 hours or less in the solvent at room temperature. 
Longer extraction* or heat* rid the cell of all ether- 
or benzene-soluble material* and no precipitation by 
acetone occurred. 

Further information was obtained by micrurgical 
tests. Globules were obtained free of cell walls by 
mechanical disintegration of leaves softened with 
dilute alkali. When a single globule was subjected 
to tension by two micro-needles, it stretched about 
tenfold before rupture. After rupture* the stretched 
threads quickly retracted* and two separate glo- 
bules were formed. The globule* however* was 
tacky and when punctured stuck to the glass needle, 
suggesting the presence of rubber of low molecular 
weight. These staining, solubility* and micrurgical 
tests strongly indicated, although they did not 
prove* that the chlorenchyma globules contained 
rubber. 

Chemical analysis of dissected leaf fractions . — 
Chemical analysis of an entire Cryptostegia hybrid 
leaf showed that it contained about 3 to 5 per cent 
of rubber on the dry-weight basis. It was difficult 
to determine what portion of this rubber was due 
to the latex in the leaf* and what portion, if any* 
was contributed by the globules in the chlorenchy- 
ma. Evidence on this point could be obtained by 
separate chemical analysis of the latex-bearing and 
nonlatex-bearing portion of the leaf. However, ob- 
taining chlorenchyma cells free of latex ducts was 


a task soon abandoned because of the difficulty of 
isolating them in quantity sufficiently large for 
chemical analysis. Rather* the following experi- 
ment was carried out. 

From each of six Cryptostegia hybrid twigs three 
leaves were plucked* and the sample was divided 
into three lots* each of which contained only one 
leaf from any given twig. Only uninjured, non- ; 
chlorotic, turgid, clean leaves were selected. The 
leaves were severed at the abscission layer, and no ; 
latex was observed to have been lost through exuda- ; 
tion. They w T ere infiltrated under suction succes- j 
sively with dilute acetic acid, water* and dilute so- 
dium hydroxide in order to coagulate any dispersed 
latex and to soften them sufficiently for dissection. 

Since previous anatomical studies had indicated 
that the quantity of latex duct rubber was closely 
correlated with the quantity of veins, it was be- 
lieved that removal of the main vein would remove 
a like proportion of the latex ducts. In a separate 
experiment on retted leaves (see fig. 1 and 2 for 
vein pattern), it was shown that the main vein and j 
petiole contained by weight more than half the j 
xylem of all the veins of the leaf* and that the xylem ! 
of the 20 to 25 largest lateral veins contributed j 
only a small fraction of the total weight. Accord- 
ingly* two of the three lots of leaves were dissected 
with micro-scalpels under the stereoscopic micro- I 
scope. The first lot was separated into two frae- j 
tions; la comprised the petiole and midrib with its 
associated ducts, and lb comprised the remainder 
of the leaf tissues. The second lot was divided into | 
three fractions: 2a was identical with la; 2b coin-! 
prised the 24 largest lateral veins and associated 
ducts of each leaf ; and 2c comprised the remainder j 
of the leaf tissues, including the smallest veins and 
ducts. The third lot was not dissected and served 
as a control. Since the globule-bearing cells aref 
most numerous near the veins and ducts (fig. 7)J 
extreme care was used in all cases in separating 
these cells from the vein-duct fraction. All frac- 
tions were analyzed for total rubber, with the re-} 
suits shown in table 2. 

The unusually high figures for the benzene exi 
tract were undoubtedly due to the removal from the} 
leaves of some of the nonrubber plant constituents 
by the acid, water, and alkali treatment before dis- 
section. However, as shown in the last column* the 


Table 3. Analysis of dissected Cryptostegia hybrid leaf fraction. 


Resin " . Rubber 

Weight of (acetone (benzene Per cent of 
leaf frae- extract), extract), total leaf 
Leaf fraction tion, g.* percent* percent* rubber 


1(a) Petiole and midrib . 0,177 7.5 6.6 9.0 

1(b) Remaining leaf tissue 1,248 14.7 9.5 91.0 

3(a) Petiole and midrib 0,157 8.9 4.3 5.3 

3(b) Largest lateral veins 0.038 13,9 5.0 1,5 

3(c) Remaining leaf tissue 0.934 15.8 13.5 93,3 

8 Undissected leaf 1.061 15.4 9.7 100 
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distribution of rubber was not affected by this pre- 
treatment. It is concluded that 85 to 90 per cent of 
the total rubber of these leaves occurred in chlo- 
renchyma cells, that only 10 to 15 per cent existed 
in the latex ducts, that the ducts of the largest lat- 
eral veins contained only an insignificant fraction 
of the total rubber, and that ’most of the latex rub- 
ber in the leaves occurred in the petiole and midrib. 
Furthermore, on the basis of the data above and the 
chemical analysis of plant organs for rubber (Vis- 
wanath et al., 1943), it appears that the leaf chlo- 
renchyma globules contain the greater portion of 
the total rubber in the average three or four year 
old plant, the smaller portion occurring as latex in 
the stem, leaf, and root. 

To estimate that 85 to 90 per cent of the total 
leaf rubber occurred in chlorenchyma cells, it was 
necessary to assume that latex rubber was no more 
concentrated in the small ducts in the undissected 
portions of the blade than in the dissected duct 
fractions. Microscopic examination indicated that 
the latex rubber was actually more concentrated in 
the larger ducts associated with the larger veins. 
In fact, some of the smallest ducts of the smallest 
veins appeared to contain structureless material 
similar to that of the globules rather than typical 
latex. It has already been pointed out that on the 
average the ducts are largest and most numerous 
along the largest veins. It seemed justified, there- 
fore, on the basis of the total amount of leaf rubber 
in the ducts of the petiole and midrib (average 7.2 
per cent) and in the 24 largest lateral veins (1.5 
per cent), to assume that even less than 7.2 per 
cent of the total rubber remained in the small, un- 
separated ducts of the blade. The estimate that 85 
to 90 per cent of the total rubber occurred in the 
leaf chlorenchyma receives independent support 
from data obtained during research on the recovery 
of rubber from Cryptostegia (Whittenberger, Brice 
and Copley, 1945). 

The microscopic observation that individual leaves 
vary widely in the amount of latex rubber they con- 
tain is substantiated by the data in table 2. For ex- 
ample, the latex ducts associated with the main vein 
and petiole of lot 1 contained 9.0 per cent of the 
total leaf rubber, whereas those of lot 2 contained 
only 5.3 per cent of the total. The main vein and 
petiole fraction of lot 1 also contained rubber in 
greater concentration (6.6 per cent) and resin in less 
concentration (7.5 per cent) than did the corre- 
sponding fraction of lot 2 (4.3 per cent rubber and 
8.9 per cent resin). These facts suggested that the 
average age of lot 1 was greater than that of lot 2, 
since the ratio of rubber to resin and oil becomes 
greater as the plant grows older (Prokof’ev, 1989; 
Blokhintseva, 1940; Moshkima, 1940). 

Properties and composition of isolated globules. 
— Although data indicated that the bulk of the rub- 
ber occurred in leaf cells exterior to the laticiferous 
duct system, they were not entirely conclusive. The 
possibility existed that the chemical method of 
analysis (based upon the fact that rubber is soluble 


in benzene and insoluble in acetone) was incapable 
of distinguishing rubber from another substance or 
combination of substances which possessed certain 
properties similar to those of rubber. Moreover, 
since the leaf was not completely dissected, exactly 
how much latex rubber was mixed with the cell 
rubber was not determined. Conclusive proof that 
the leaf chlorenchyma globules contained rubber 
could be obtained by isolating the globules in quan- 
tity sufficient for physical tests and x-ray analysis. 
With the development of a method for the recovery 
of rubber from Cryptostegia leaves by Naghski and 
associates (1945), a means of isolation of the glo- 
bules became available. During the isolation special 
precautions were taken to assure that the separation 
of the cell globules from the latex rubber was com- 
plete. The effect of each step of the process on the 
globules and latex was followed microscopically. 
The isolated mass of chlorenchyma globules was 
yellowish, soft, tacky, and elastic, and exhibited 
noticeable snap when stretched and released. The 
results of chemical analysis of the globules are 
shown in table 3. 

Table 3. Chemical analysis of fresh mature Cryptostegia 
hybrid leaves ( starting material) and the globules 
isolated from the leaf cells. 

Isolated 

Original cell 
leaves globules 


Wet weight, grams 3,350 11.4 

Dry weight, grams 450 8.7 

Moisture, per cent 86.5 24.3 

Acetone solubles by direct extraction, 

per cent* 1 9.4 29.6 

Rubber hydrocarbon in acetone solu- 
bles, per cent a 3.8 

Acetone solubles, nonrubber, per cent* 1 ...... 25.8 

Acetone and benzene insolubles, per 

cent* 1 1.3 

Total rubber hydrocarbon, per cent* 1 . . . 3.5 65.0 

Nonrubber benzene-soluble acetone-in- 
solubles, by difference, per cent* 1 7.9 


a Moisture-free basis. 

About 65 per cent of the globular material was 
rubber. About 8 per cent of the isolated globules 
was nonrubber, benzene-soluble, acetone-insoluble 
material of unknown composition. Rubber hydro- 
carbon in the acetone extract, as indicated by the 
analysis, might be expected if rubber of low molecu- 
lar weight is present in the globules. It was deter- 
mined gravimetrically by precipitating the hydro- 
carbon as rubber “tetrabromide” and establishing 
the identity of the precipitate by bromide analysis. 
Hoover et al. (1945) found that 93 per cent of the 
globular material was soluble in methyl ethyl 
ketone, an indication of the low degree of poly- 
merization of the rubber (Cheyney, 1942). Spectro- 
photometric examination of the benzene solution of 
the globules indicated the presence of pheophy tin 
and carotene.- 
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/j Another portion of the globular material, after 

being compounded by a modified A.C.S. formula 
containing 50 parts of channel black, was vulcan- 
■ ized and tested for rubberlike properties. The prop- 

erties of the vulcanizate — ultimate elongation, mo- 
dulus at BOO per cent elongation, and tensile strength 
— were characteristic of rubber of low molecular 
weight. Later and more detailed information on the 
character of this rubber has been published by 
•j Hoover et al . (1945). 

I Final proof of the existence of rubber in the 

1 isolated cell globules was furnished by x-ray dif- 

fraction studies of the vulcanizate. At 820 per cent 
elongation, slight arcing of the innermost amor- 
phous ring became evident. At 450 per cent elonga- 
tion, eight crystalline reflections became visible. 
The interplanar spacings determined from these 
discrete reflections agreed with those of stretched 
Hevea rubber, indicating the presence of a cis- 
polyisoprene molecular structure. 

Discussion. — The chlorenchyma rubber in Cryp- 
tostegia leaf represents a hitherto unrecognized 
mode of rubber distribution and storage in this 
plant. Whether leaf chlorenchyma rubber is as 
widely distributed among plants as is latex rubber, 

I or whether other plants exist in which both laticif- 

erous duct and leaf chlorenchyma rubber occur 
simultaneously, is not known. Naylor (1943) found 
rubber both in ducts (long rod-like cells) and in 
the rnesophyll parenchyma of Eucommia ulmoides 
Oliver. Little detail is given, however, as to the 
method by which he determined that the globular 
masses in the parenchyma were rubber. Novikov 
et al. (1934) stated that in Scorzonera tau-saghyz 
Lips. & Bos. and in Apocynum venetum L. rubber 
may be detected in the green parenchyma of the 
leaf notwithstanding the latex cells in the leaf. 
Kiselev et al. (1934) also reported that rubber is 
formed in the photosynthetic tissue of Scorzonera 
tau-saghyz Lips. & Bos. and Chondrilla spp., and 
passes from there in an unknown form into the latex 
ducts. These observations, however, have not been 
generally accepted and are at variance with the 
findings of Prokof’ev (1939, 1944). 

Although Lloyd (1911) reported finding rub- 
berlike bodies in the leaf chlorenchyma of Par - 
thenium argentatum Gray, subsequent workers 
(Artschwager, 1943; Moshkima, 1940) do not men- 
tion similar bodies in the leaves of this plant. The 
rubber occurring in the stem chlorenchyma of Par- 
thenium (Spence, 1928, 1938; Lloyd, 1932) is a 
latex markedly different from the nonlatex rubber 
I reported here, and probably bears a different rela- 

tionship to chlorophyll. In Chrysotkamnus spp. 
| Hall and Goodspeed (1919) reported that one or 

more rubber globules may be detected in each of 
i the palisade cells. There are no laticiferous ducts 

| in this plant. Little detailed information is available 

f concerning the anatomical disposition of rubber in 

' Solidago spp. other than that it occurs principally 

I in the leaves (Polhamus, 1983) and apparently is 

| localized in parenchymatous tissues and in certain 


isolated areas (Legros, 1937). Our preliminary 
studies of Solidago spp. showed acetone-insoluble, 
rubberlike globules in the palisade and spongy 
rnesophyll cells. These globules appeared similar to 
those in Cryptostegia leaf. However, no laticiferous 
duct rubber was observed. 3 

Our anatomical studies on the leaves of Taraxa- 
cum kok-saghyz Rodin revealed oil or resinlike 
globules in the chlorenchyma. These globules, ac- 
cordingly, differed from those in Cryptostegia leaf 
in that they contained no rubber and were soluble 
in ethanol and acetone. All the leaf rubber was ; 
found in the laticiferous ducts. The possibility, 1 
however, that at least some of the latex rubber is 
synthesized in the leaf ducts is not denied by these 
observations. Therefore, they do not necessarily ; 
support the conclusion of Blokhintseva (1940) that 
the rubber of this plant is synthesized in the latex 
vessels of the root and that the synthesis bears no 
direct connection with the assimilating organs. 

For obvious reasons, demonstration of leaf chlo- 
renchyma rubber, especially in the presence of latex 
rubber as in Cryptostegia, was less simple than the j 
demonstration of latex rubber alone. While all avail- 
able staining and microchemical tests indicated that 
the globules contained rubber, final proof was oh- i 
tained by x-ray analysis, which showed the cis- 
polyisoprene molecular structure. Confirmatory evi- 
dence was obtained during experimentation on 
methods for the large-scale recovery of rubber from 
the leaves (Naghski et al., 1945; Whittenberger 
et al. , 1945). [ 

The association of rubber with chloroplasts raises 
the question of the relationship between the food- ■ 
manufacturing organs and chlorenchyma rubber. 
Since young leaves lack globules, and globules form 
and enlarge as the leaves mature, it is probable that 
the rubber is accumulated slowly within the cells 
and requires an excess of photosynthetic products. 
Thus the palisade cells with their abundance of ■ 
chloroplasts probably accumulate a greater excess 
of photosynthetic products, and hence rubber, than 
the spongy rnesophyll cells. The apparent increase 
in the number of rubber-bearing globules brought J 
about by the disintegration of chloroplasts by [ 
Javelle water suggests the possibility that some 
rubber is formed within the chloroplast itself, in a 
manner analogous to starch formation within chin- 1 
roplasts or oil formation within eliaoplasts. Pro- 
kof’ev (1939) and Blokhintseva (1940) are of the 
opinion that the synthesis of latex rubber in Taraxa- 
cum kok-saghyz Rodin probably occurs in the plas- 
tids of the laticiferous ducts. j 

There can be little doubt that the chlorenchyma 
rubber originates in the leaf. This rubber appears 
in no other part of the plant. There is a question, 
however, concerning the origin of the widely dis- 

* Recently M. E. Rollins, T. L. W. Bailey, Jr., and I. V. 
deGruy (unpublished report at the Southern Regional 
Research Laboratory, New Orleans, La., 1915) have shown! 
that the rubber in Solidago leavenworthii Torr. & Gray 
occurs as small globules, 1 to 5 per cell, in the spongy 
rnesophyll and palisade cells of the leaf. 



626 


AMERICAN JOURNAL OP BOTANY 


[Vol. 32 , 



tributed latex rubber. Viswanath et al. (1913), on 
the basis of studies on the quantity and composition 
of latex before and after the defoliation period, 
suggest that the latex rubber of Cryptostegia gran- 
di flora R. Br. originates in the organs of photosyn- 
thesis. If this suggestion is accepted, then it is per- 
missible, on the basis of our present knowledge of 
the character and disposition of the chlorenchyma 
globules, to speculate on a possible relation between 
the globules and the duct rubber. The investigators 
named above evidently were unaware of the chloren- 
chyma globules. It is conceivable that the globule 
rubber is deposited in chlorenchyma cells by a 
mechanism analogous to that which causes the ac- 
cumulation of starch in leaf chlorenchyma of many 
plants. This relatively unstable rubber might then 
be digested to such a state that its translocation 
to the ducts would be possible. Within the ducts 
synthesis of large rubber molecules could occur, re- 
sulting in the formation of latex rubber of good 
quality. Translocation and synthesis could occur at 
a substantially continuous and rapid rate, constant- 
ly replenishing the latex rubber as it is withdrawn 
from the plant every one to three days (Symon- 
towne, 1943 ; Fennell, 1944). Such a conception 
would account for the observed diminution in latex 
flow upon defoliation, and is consistent with the 
observation that the degree of polymerization of 
rubber of the leaf ducts apparently is higher than 
that of the chlorenchyma cells (Hoover et al., 
1945). Micrurgical evidence indicates that the de- 
gree of polymerization of the leaf duct rubber is 
intermediate between that of the stem ducts and 
chlorenchyma cells. 

In this conception, an early precursor of latex 
rubber, that is, the material translocated from the 
cells to the ducts, would presumably consist of a 
compound less oxidized than simple sugars. 4 Mann 
( 1932 ) stated that no simple sugars have been iso- 
lated from the latex of Hevea brasiliensis Muell. 
Arg., although he held the opinion that the latex 
rubber was synthesized directly from temporary 
simple sugars in the ducts. 

While Cryptostegia may be outstanding in pos- 
sessing leaves that contain both laticiferous duct 
and chlorenchyma rubber, it is not unique in having 
the major portion of its leaf rubber low in molecu- 
lar weight. There is evidence also that the leaf rub- 
ber of Asclepias syrica L. (Paul, Blakers, and Wat- 
son, 1943) and Solidago leavenworthii Torr. & Gray 
(Skau et al., 1945) is of low molecular weight. Such 
a condition might be expected if it is admitted that 
a large portion of material synthesized in the leaf, 
whether rubber or otherwise, is rapidly translo- 
cated, in simple fqrm and by some as yet unknown 
mechanism, to the more permanent parts of the 
plant. 

4 There is evidence that the precursor complex may in- 
clude lupeol esterified with two hydroxy-n-fatty acids 
(unpublished report by S. G. Wildman, S. B. Hendricks, 
F. A. Abegg, I. A. Elder, and P. E. Heath of the Bur. 
Plant Ind., Soils and Agric. Eng. at Beltsville, Maryland, 
1945 ). 


In view of the close relationship between Crypto- 
stegia chlorenchyma rubber and photosynthetic ac- 
tivity of the cell it is difficult to see how this rubber 
can be merely a waste product or a wound-healing 
agent, or serve in many of the other roles commonly 
suggested for latex rubber. It is far more likely that 
this rubber is a storage product of definite physio- 
logical significance. Whether it represents a highly 
efficient form of food storage, whether its impor- 
tance lies in its ability to remove osmotically active 
simple sugars from the actively photosynthesizing 
cell, whether it is the precursor of latex rubber, and 
what factors determine its degree of polymerization 
are questions which must await physiological ex- 
perimentation. 

An interesting corollary of the observation that 
rubber and chlorophyll co-exist in the same cell in 
Cryptostegia leaf mesophyll is the absence of simi- 
lar globules in the guard cells of the lower epider- 
mis. Although globules are clearly visible in the 
guard cells of both fresh and Javelle water-treated 
strips of the epidermis (fig. 11), tests on these 
globules indicate that they are different from those 
of the mesophyll chlorenchyma, as only a few, if 
any, of them contain rubber. For the most part they 
are dissolved by ethanol or acetone and are removed 
by alcoholic potassium hydroxide. These observa- 
tions, therefore, indirectly support the conclusion 
of Sayre (1926) that the green pigment of the 
guard cells is not identical with the chlorophyll of 
the leaf mesophyll. Otherwise, it might be expected 
that rubber globules similar to those in the meso- 
phyll would occur also in the guard cells, since the 
globules in the mesophyll are correlated with the 
presence of chlorophyll. 

SUMMARY 

An unusual type of rubber storage has been 
found in Cryptostegia leaf. Although Cryptostegia 
possesses abundant rubber latex and a laticiferous 
duct system well developed in all parts of the plant, 
the major portion of the leaf rubber occurs as non- 
latex globules in the mesophyll chlorenchyma, en- 
tirely distinct from the duct system. These globules 
are strikingly correlated with the presence of chlo- 
rophyll, being largest (up to 12 g in diameter) and 
most numerous (as many as 8 per cell) in the pali- 
sade cells of fully mature leaves. The physiological 
significance of the association of the globules with 
chlorophyll is not yet known. 

In mature Cryptostegia hybrid leaves, 85 to 90 
per cent of the total rubber is in the chlorenchyma, 
the remaining 10 to 15 per cent occurring as latex 
in the laticiferous ducts. The ducts follow the veins 
throughout the blade and are largest and most nu- 
merous along the midrib. 

Proof that the leaf chlorenchyma globules con- 
tained rubber was established by x-ray studies of 
the isolated globules, after exhaustive staining and 
microchemical tests on leaf sections. The chloren- 
chyma rubber, although possessing a caVpolyiso- 
prene molecular structure, apparently is of lower 
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molecular weight than that of the laticiferous ducts. 
The globules contain about 65 per cent of rubber 
hydrocarbon, the remaining 35 per cent consisting 
largely of acetone-soluble material (resins). 
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STUDIES IN THE DEVELOPMENTAL ANATOMY OF PHLOX DRUMMONDII 

HOOK. II. THE SEEDLING 1 

Helena A. Miller and Ralph H. Wetmore 


stage, the embryo possesses an epicotyledonary 
meristem, a procambial cylinder around a pith in 
the upper region, and the original procambial core, 
as well as a well-developed root meristem with a 
root-cap in the lower part. Progressive changes 
through a torpedo stage to the mature embryo 
showed the incidence of the first protoxylem and 
the cotyledons. 

Part II of this study is concerned with the sub- 
in organization during seedling 


In Part I of this study (Miller and We 
1945) the successive changes in the develo 
of the embryo of Phlox Drummondii Hook, 
reported. From the fertilized egg, a radially 
metrical proembryo gradually is formed, p< 
ing a well-defined epidermal layer, a cortex, 
procambial core. With the development of < _ 

dons, the radial symmetry gives way to bilateral protophloem^ in 
symmetry in the heart-shaped embryo. At this TT 

1 Received for publication July % 1945. sequent changes 




Fig. 1-4. — Fig. 1. Seedling just after germination. Note the elongate cells in hypocotyl. X152. — Fig. 2. I 
nal section of a seedling about two days after germination. X132. — Fig. 3. Enlargement of figure 2 . Note th 
bial strands to the first pair of leaves. X500. — Fig. 4. Longitudinal section of an embryo before germination, 
branching of the procambial strand in the cotyledon. X360. 
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development. The results provide the connecting 
links between the more generalized pattern of or- 
ganization in the young embryo and the characteris- 
tic cylindrical pattern of the adult plant with its 
localized meristems in the apices of the shoots and 
roots (Part III). 

The methods employed in this study were essen- 
tially those described for Part I. Progressively 
older stages of seedlings were utilized in an effort 
to complete the ontogenetic study. 

Observations. — Post-germination stages. — The 
seeds were germinated on wet filter paper. In each, 
the hypocotyl elongates, pushing the root meri- 
stem through the micropyle. By placing marks of 
India ink at one mm. distances on such germinating 
seedlings, one can observe the pattern of growth. 
As the first marks became separated during the 
elongation of the plant, new marks of a different 
color were added to serve as further “land marks 5 ’ 
for observation. From a typical record, (fig. 5), it 
can be seen that in the early stages the root meri- 
stem (2) is moved away from the original mark 
(1) faster than the epicotyledonary meristem has 
advanced from that spot. 

Microscopic examination shows that germination 
in Phlox results from an increase of cell length 
(greater first in the lower than in the upper hypo- 
cotyl) rather than from an increase in the number 
of cells (fig. 1). However, with the onset of ger- 
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Fig. 5. Successive diagrams of seedling growth after ger- 
mination. Marks were placed at millimeter distances. The 
junction of root and hypocotyl is just below (1) in each 
of the diagrams. 


mination, frequent cell divisions occur in the root 
meristem at the lower apex of the hypocotyl, there- 
by initiating the primary root. 

As has been mentioned in the first part of this 
study, the recognition of protoxylem and proto- 
phloem mother cells in the procambium is possible 
while the embryo is in the torpedo stage. The pro- 
toxylem mother cells extend in continuous vertical 
files in the same radial plane throughout the whole 
length of the procambium from the tip of each 
cotyledon to the apex of the root. Their position 
in the upper cotyledon is mid-adaxial in the pro- 
cambial strand; at lower levels of the cotyledon they 
are found more centrally in the strand. They then 
gradually come to occupy a peripheral position in 
the procambial cylinder of the hypocotyl and the 
procambial core of the root. 

As the axis elongates during and after germina- 
tion as a result of the activity of the root meristem, 
this solid core of procambium advances acropetally 
into the growing root, and behind it in turn, in 
Phlox at least, the protoxylem mother cells, which 
soon become protoxylem, also advance acropetally 
into this procambial core (fig. 6-9). The resulting 
xylem elements still maintain peripheral positions, 
one group on either side of the solid core directly 
below each cotyledon (fig. 12, Xx). The proto- 
phloem mother cells also extend the length of the 
plant (fig. 7-9), gradually becoming protophloem 
elements, but in a more oblique path than do those 
of the protoxylem. 

In the hypocotyl, the protophloem mother cells 
are no longer in collateral association with the pro- 
toxylem mother cells; instead they gradually come 
to occupy positions on or near the periphery of the 
procambium on either side, midway between the 
protoxylem regions (fig. 12, Pi). Hence the fun- 
damental pattern of the transition region between 
the collateral bundles of the cotyledon and the 
radial organization of the root is established in the 
torpedo stage before germination and even before 
any vascular elements are mature. 

In the early post-germination stages it was noted 
from growth of marked specimens that elongation 
in the entire seedling took place more rapidly in 
the lower axis — the root — than in the upper axis — 
the hypocotyl. In later post-germination stages the 
rate of elongation of the root is reduced markedly 
and that of the hypocotyl is increased slightly (fig. 
5). Accompanying this increase in length above the 
uppermost mark there is also an increase in rate 
of development in the epicotyl. On either side of 
the epicotyledonary meristem there appears a leaf 
primordium 2 in a position decussate with the cotyle- 
dons (fig. 2, 3). 

Sections of the epicotyl show that elongate, dark- 
staining cells, traceable as procambial strands from 
the cylinder of the hypocotyl, are present as early 

2 As a matter of convenience, the first pair of leaves 
above the cotyledons is. referred to as the first pair , the 
second pair above the cotyledons as the second pair , etc. 
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as the first indication of foliar elevation. These that arc in which the cotyledonary protophloem oc- 

strands originate at opposite sides of the procam- curs (fig. 12 j, P 2). In the cylinder* this inner arc 

bial cylinder in a plane at 90 degrees with the plane becomes narrowed and less central at a level where 

of the cotyledons. In a great many of the seedlings the outer phloem arc splits into two, one half pass- 

studied, discontinuity in the procambium leading ing to each cotyledon. Still higher, the inner arc 

to the leaves (fig. 2, 3) was never noted. As each constitutes the phloem part of the strand to the 

leaf elongates by the activity of the meristem at first leaf, and occupies the abaxial part of the en- 

its apex, the procambium also becomes extended tire bundle (fig. 12 g, h). 

acropetally. During this elongation of the foliar The maturation of xylem elements in these leaves, 
primordia with their accompanying procambial contrary to the condition in the cotyledons, occurs 

strands, the abaxial parenchyma of the leaf be- after the maturation of the first protophloem ele- 

comes slowly and progressively more vacuolated. ments. The locus of the initial maturation of pro- 

Adaxial vacuolation is slower in its appearance. toxylem is on the mid-adaxial side of the procam- 

Subsequently there follows an acropetal matura- bial strand of the leaf at a level just above the leaf 

tion of protophloem from the mature protophloem base. The wave of maturation progresses from this 
in the cylinder below (fig. 10). The position of this locus acropetally to the leaf tip and basipetally 
protophloem changes gradually as one follows it into the region where mature xylem elements sub ja- 
from the solid core upward to the cylinder. In the cent to the cotyledons are already present in the 
solid core it occupies the outer portions of an im- hypocotyledonary cylinder (fig. 11). The cylinder 
aginary arc which is broader than, and centrad to, in the hypocotyl axis, formerly all of procambium, 



Fig. 6-11. Diagrams of embryo and seedlings constructed from cross sections to illustrate vascular maturation. — 
Fig. 6. Diagram of embryo before germination. — Fig. 7 - 9 . Diagrams of successively older seedlings. — Fig. 10-11. Dia- 
grams of successively older seedlings with one pair of epicotyledonary leaves. In figures 10 and 11 the first pair of 
leaves are placed in the same plane with the cotyledons to make the diagram more easily interpreted. The first pair 
of leaves is actually decussate with the cotyledons on the plant itself. The limitations of this type of diagram do not 
facilitate illustration of the xylem and phloem as occupying radial planes in the root which are different from those 
occupied in the cotyledon and leaves. See text and figure 12 . 
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is now composed of one trace to each cotyledon and 
another to ea&h of the first pair of leaves, the traces 
of this pair of leaves being decussate with those of 
the cotyledons (fig. 12 i). Lower in the seedling 
the traces become a part of the solid core (fig. 12k). 
Between these two levels the xylem part of each leaf 
trace for the first pair of leaves gradually appears 
separated into two portions, each continuous with 
those xylem elements now being differentiated on 
the flanks of the adjacent cotyledonary traces (fig. 
12, X 2 i-k). Thus, the xylem portion of each first 
leaf seems to split in the transition zone, at about 
the top of the solid core; actually it has matured 
basipetally in the procambium in these regions. 
Lower in the solid core the xylem elements from each 
of the first leaves occupy the two areas between the 
phloem and the protoxylem points on one side of the 
metaxylem plate; those from the other lie in similar 
positions on the other side of the plate. The remain- 
ing procambium will in time become incorporated 
into the vascular aggregates of future leaves and 
buds. 

The second pair of leaves is decussate with the 
first pair, and hence lies directly above the cotyle- 
dons. The procambial strands to this second pair of 
leaves can be traced from the procambium below. 
They are acropetal extensions from those four pro- 
cambial areas which in the core lie between the pro- 
toxylems and protophloems of the first pair of leaves, 
and which in the cylinder flank the cotyledonary 
traces on either side. The maturation of protoxylem 
and protophloem in the procambial system of the 
second pair of leaves progresses just as in the case 
of the first pair of leaves ; that is, the protophloem 
advances acropetally; the protoxylem is initiated 
at, or near, the leaf base and develops both acrope- 
tally and basipetally. 

In the cylinder, at levels below the emergence of 
the second pair of leaves, the procambium supplying 
each of this pair lies in regions adjacent to the vas- 
cular tissue of the cotyledons. In the region above 
the emergence of the cotyledons, the procambium 
from either flank of the cotyledonary strand gradu- 
ally comes to occupy adjacent positions in the single 
strand supplying each leaf. Hence there is formed 
a so-called 'leaf gap.” The somewhat retarded 
adaxial vacuolation of the cotyledons becomes evi- 
dent only when the second pair of leaf primordia is 
forming. A cotyledonary gap is completed when the 
adaxial vacuolation of the parenchyma in the cotyle- 
dons has become continuous with the pith across the 
cortex, along the upper side of the cotyledonary 
trace. 

As the third pair of leaf primordia is formed, the 
vacuolation on the adaxial side of the first pair be- 
comes complete and a "gap” is formed for each of 
that pair of leaves. As the fourth pair of leaf pri- 
mordia appears, the leaf gaps are formed for the 
second pair of leaves ; and the elongation of the 
epicotyl between the cotyledons and the first pair 
of leaves causes the formation of a recognizable 
inter node. 


Discussion. — The seedling stage of angiosperms 
has received a great deal of attention in botanical 
literature because of the many significant changes 



Fig. 12. Camera lucida drawings of transverse sections 
at certain levels of seedlings, showing positions of xylem 
and phloem. X143. Seedling a-f — with no leaves present; 
seedling g-k — with one pair of epicotyledonary leaves 
present. X == xylem; P = phloem; PI = xylary plate; 
X 1 and P x = xylem and phloem respectively from first 
pair of leaves. 

which occur in the plant during this period. Among 
the important aspects which are associated with this 
stage of development in Phlox must be listed; the 
germination of the seed, the establishment of a root, 
the elongation of the hypocotyl, the establishment 
of an epicotyl with its leaves and characteristic leaf 
arrangement, and the development of the vascular 
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pattern in the seedling. Of special interest to bot- 
anists has been also the interpretation of the vascular 
pattern in the transition region. Of these topics, only 
two need added comment beyond the descriptive 
facts of the text: the development of the vascular 
pattern of the epicotyl and the interpretation of the 

transition zone. . 

It has been pointed out in Part I of this series 
of papers that the procambium becomes differen- 
tiated in the young axillary symmetrical embryo and 
develops acropetally with the formation of the 
cotyledons and basipetally with the formation of the 
root. With the formation of the epicotyl, as described 
in this paper, the procambium develops acropetally 
into the leaves from the already continuous procam- 
bium below. This is in accordance with the report 
of acropetal differentiation reported in Alstroemeria 
leaves by Priestley, Scott and Gillett (1935); in 
Sequoia shoots by Crafts (1943); in Acacia phyl- 
lodes and in the cauline bundles of Trichocereus 
spachianus and Opuntia cylindrica by Boke (1940, 
1941) as well as in Vinca rosea (Cross and Johnson, 
1941) and Cunninghamia lanceolata (Cross, 1942). 

The problem of the transition region is compli- 
cated in part by the existence of two concepts as to 
its meaning. The term has been used in a general 
way to refer to that region of a seedling in which the 
top of the primary root is confluent with the bottom 
of the shoot axis. It has also been used to refer to a 
specific part of this region in which there is a transi- 
tion from the radial arrangement of phloem and 
exarch xylem in the root to the (usually) eustelic 
cylinder of collateral bundles in the shoot. 

It is possible to consider the transition region ac- 
cording to the first concept without considering any 
vascular pattern. The position of this region in Phlox 
is predicated in the young embryo. It can be demar- 
cated in such an embryo by the extent of the pith be- 
tween the solid core and the cotyledonary node. The 
ultimate length of the region is dependent upon the 
amount of growth occurring in the upper hypocotyl 
between the torpedo stage of the embryo and that 
stage of seedling development in which there is no 
further elongation in the hypocotyl. The transition 
region in Phlox is similar to that in Daucus Carota 
(Esau, 1940; Havis, 1939) and in Tragopogon por- 
rifolius (Havis, 1935). In those embryos in which 
no solid vascular core is reported, e.g., Juglans 
(Nast, 1941), the transition region is not completed 
until after the solid core of the root has been pro- 
duced by the activity of the root meristem. 

Most of the literature deals with the more specific 
concept of the transition zone. Lehmberg (1923-24) 
attempted to explain the change of the xylary pat- 
tern in the transition zone of Helianthus seedlings 
as resulting from two centers of differentiation of 
xylem, one in the upper root, the other in the cotyle- 
dons. From the former, maturation progresses in 
both directions, later-formed elements developing 
in a centripetal direction. From the latter, it also 
progresses acropetally and basipetally, but later- 
formed xylem elements are developed in a centrifu- 


gal direction. Where the two meet and become a 
functional water-conducting system, the transition 
is completed. 

Chauveaud (1911) points out that the early dif- 
ferentiation of xylem and phloem in a great many 
plants seems to be initiated in the lower hypocotyl 
or in the root of the seedling, in alternating radii — 
the alternate arrangement. At higher levels in the 
early stages he reports additions on the flanks of the 
xylem strand — the intermediate arrangement. In the 
region of the cotyledons, or just below them in the 
upper hypocotyl, he reports only a slender extension 
of the xylary bundle from the root, which is flanked 
laterally, or laterally and abaxially by two half- 
strands of phloem-— the superposed arrangement . 
Branches from this system in the cotyledons also 
have this superposed arrangement. The phloem half- 
strands become connected laterally in the upper 
cotyledons, and later also in the lower cotyledons by 
the obliteration of the slender xylary extension be- 
tween them. Thus the superposed condition exists 
in the main vein of the cotyledons. 

Chauveaud describes the protoxylem as being con- 
tinuous as a small strand in a young seedling. It is 
increased in size by the addition of new elements 
centripetally below and laterally and centrifugally 
above. Thus the latest-formed xylem elements do 
not lie in a continuous vertical file as did the earlier- 
formed protoxylem. 

Chauveaud accounts for some of the variation 
found in the numerous genera studied by the ob- 
literation of early-formed elements of xylem at dif- 
ferent stages of growth. He suggests that the pat- 
tern of development in ontogeny is not unlike that 
in the evolutionary sequence. 

In this study of Phlox it was also found that a 
continuous file of xylary elements exists throughout 
the seedling and the addition of new elements occurs 
just as Chauveaud describes. However, the first 
protoxylem elements to be matured lie in the base of 
the cotyledons in this material, rather than in the 
lower hypocotyl or root. The establishment of a 
continuous file of mature protoxylem elements oc- 
curs by progressive and rapid basipetal maturation, 
rather than by the basifugal maturation reported by 
Chauveaud. The obliteration of elements was not 
observed in the stages of Phlox studied. 

Those who have interpreted the transition region 
in terms of the xylary pattern have considered the 
pattern as it is represented by mature elements. In 
none of the literature which has come to the authors' 
attention has there been any mention of a stage of 
development between the procambial cell and the im- 
mature protoxylem, nor to any intermediate stage be- 
tween the procambial cell and the immature proto- 
phloem element. In this study it was noted that the 
future xylem regions of the bundles could be de- 
tected, because of an artifact of fixation, in embryos 
much smaller and younger (the torpedo stage), than 
in those in which the first mature protoxylem cells 
were found (the late embryo). Future phloem re- 
gions could also be detected in a similar manner. 
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Table 1 . Vascular counts at certain levels of the seedlings illustrated in figure 12. 
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Thus in Phlox at least, it appears that the alternate 
arrangement of xylem and phloem in the lower 
hypocotyl, the intermediate arrangement in the up- 
per hypocotyl, and the superposed condition in the 
cotyledons can be detected before any elements are 
matured. It follows, then, that the order of matura- 
tion of protoxylem and protophloem does not neces- 
sarily duplicate that order of the earlier appearance 
of their precursors in the blocking out of the vascu- 
lar pattern. This situation can be compared with 
that in roots, where the xylem pattern is early 
blocked out in a centrifugal order, and later followed 
by a progressively centripetal sequence of maturing 
xylem cells (Williams, 1940 ; Esau, 1940 ). Another 
similar situation has been reported for the stems of 
Lycopodium (Wetmore, 1943 ). 

The relative numbers of mature xylem and phloem 
elements at a given level in a young leaf as compared 
to those at other levels in that leaf have been used 
to indicate not only the maximum maturation, but 
also the place of origin ,of the first mature element 
in that organ (Esau, 1938 , 1943 ). In the vegetative 
apices of Phlox , it has been found that the criterion 
of greatest numbers of mature elements does point 
out both the center of maximum maturation and the 
locus of maturation of the first element. In at least 
the hypocotyl and cotyledons of a young seedling, 
however, the place of greatest numbers of mature 
xylem elements (fig. 12 and table 1) was not the 
locus of the maturation of the first elements (Miller 
and Wetmore, 1945 ). 

It would seem plausible to the authors, in the light 
of the observations here reported, that attention 


should be directed to premature stages of develop- 
ment of vascular elements in any approach to the 
problems related to patterns in development. 

SUMMARY 

The seedling develops first by an increase in 
growth of the lower part of the embryo of the ma- 
ture seed, causing the germination of the seed. After 
germination, the seedling grows by activity both at 
the root apical meristem, extending the root, and at 
the shoot apical meristem, producing successive pairs 
of decussate leaf primordia. 

The high transition region in Phlox is correlated 
with the existence of a solid core of procambium in 
the early stages of the embryo. A pith-containing 
cylinder appears in that region which is formed at 
the tip of the embryo after the torpedo stage. The 
extent of the. transition region depends upon the 
amount of growth in this pith-containing region of 
the embryo and seedling. 

The pattern of the transition region in the seed- 
ling is foreshadowed in the embryo by regions of 
potential xylem and potential phloem blocked out 
in the procambial system before any elements are 
mature in either of these regions. This blocking out 
does not seem to occur until some pith has been 
formed by the rib meristem at the base of the epi- 
cotyledonary meristem (Parti). 

A continuous file of mature protoxylem cells is 
established within the procambial system, progress- 
ing in both directions from the point of first matura- 
tion in the base of the cotyledon. Additional ma- 
tured xylary elements are formed in a centripetal 
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direction in the lower hypocotyi and root, but in a 
centrifugal direction in the cotyledons. 

A continuous file of mature protophloem cells is 
established within the procambial system progress- 
ing in both directions from the point of its first 
maturation in the base of the hypocotyi. Successive 
phloem elements mature in a centripetal direction 
throughout the length of the plant. 


In the seedling the locus of greatest numbers of 
matured elements is not identical with the point of 
first maturation. This is in contrast with the condi- 
tion found in vegetative and floral apices (Part III). 

Biological Laboratories, 

Harvarjdi University, 

Cambridge, Massachusetts 
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THE WATER FACTOR IN TRANSPLANTING GUAYULE 1 

Louis C. Erickson 



It is well known that water relations are impor- 
tant from the standpoint of recovery of transplants, 
and several practices are commonly employed to 
keep water loss at or below water uptake. These 
include (1) hardening of the plants, (2) retention 
of as many roots as possible, (3) removal of part 
of the top, (4) avoidance of drying between digging 
and planting, (5) planting in moist soil and watering 
immediately, (6) protection from wind and sun- 
shine, and (7) planting during cool, humid weather. 
Weaver and Clements (1929) and Bailey (1939) 
state that the repeated transplanting of a plant 
makes the process more successful. This practice re- 
sults in a compacting of the root system so that larger 
proportions are transferred. Weaver and Clements 
(1929) recommend that tops be pruned so as to be 
in balance with the roots retained on the trans- 
plants. Kraus (1942) found that while it was un- 
necessary to top or partially defoliate certain vege- 
tables at the time of transplanting to increase sur- 
vival, failure to water transplants until the ninth 
day resulted in about fifty per cent stands. 

In the machine-planting of guayule on a com- 
1 Received for publication July 10, 1945. 


mercial scale it is the practice, for obvious practical 
reasons, to use only about six inches of a tap root 
system that may be from four to ten feet long 2 . The 
removal of 85 to 95 per cent of the length and prob- 
ably even more of the absorbing area is severe treat- 
ment. To compensate for this it has been found 
beneficial to prune the top severely. Lloyd (1911) 
stated that the removal of all of the top of a gua- 
yule transplant increased chances of survival, and 
recently Smith (1944) obtained quick recovery and 
high survival with slightly less severe topping. 

The object of this investigation was to determine 
whether or not the value of topping in hastening 
the establishment of transplants of guayule was 
associated with its effect on the water relations of 
the plant. 

Methods and materials. — This study consisted 
mainly in the determination of changes in fresh 
weight or water content of the plants. Plants were 
transplanted to soil (field) or water (in greenhouse 
and outdoors). In the case of the plants in soil, 
moisture determinations of the plants were made 

2 Unpublished data of C. H. Muller, associate botanist, 
Special Guayule Research Project. 
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by harvesting and drying the plants at 100°C. For 
plants in water, changes in fresh weights were de- 
termined and in some experiments the plants were 
also dried at 100°C. to determine percentages of 
moisture. All weighings were made on a torsion 
balance and weights were recorded to the nearest 
.01 gm. 3 

In the water culture experiments tap water was 
used without addition of minerals. Containers were 
of three sizes: six-inch test tubes (30 ml, cap.), 
three-gallon glazed jars, and one-by-two-by-four 
foot wooden tanks coated with asphalt paint. The 
plants were held singly in paraffined corks of two 
inches in diameter and one-half inch thickness. 
Some experiments involved the control of relative 
humidity, and also girdling of stems and roots. 
Girdling was done by cutting the bark in two places 
with a knife and removing the intervening segment. 

Nursery plants fifteen to eighteen months old in 
a drought-dormant condition were used for most 
of the experiments. The plants were grown in the 
U. S. Forest Service Nursery at Salinas, California. 
Seeds were sown May 8, 1943, and cultured by the 
standard procedure at the time (i.e., abundant 
watering). After September of 1943 the plants 
were allowed to harden in drying soil and decreas- 
ing temperatures. Further growth in height did not 
occur until April and the first part of May, 1944. 
Before more than about one-half to one inch of new 
stem growth had taken place the seedlings became 
drought-dormant. To prevent shriveling during 
June and July the plants were given one-half inch 
of water in each of two applications by the over- 
head irrigation system. Transplantings of these 
plants to the field during the summer gave 95 to 1 00 
per cent sprouting of buds within three weeks after 
planting. The plants used were cut back to have 
six-inch tap roots and two-inch leafless tops. The 
size range prior to topping was from three-six- 
teenths to three-eighths of an inch in crown diame- 
ter and from five to eight inches in height of stem. 

In the following experiments, unless otherwise 
stated, plants of the above type were used and tap 
roots were cut to a six-inch length, and all lateral 
roots removed. Tops were treated as will be de- 
scribed for each experiment (fig. 5). 

Air temperature and relative humidity records 
were obtained for the experimental periods in 
greenhouse and field. In the greenhouse the lowest 
maximum was 76 °F. and the highest maximum 
92 °F. ; the lowest minimum was 57 °F. and the high- 
est minimum 63° F. In the field the same determina- 
tions were 63, 92, 43, and 57 °F., respectively. Rela- 
tive humidities in greenhouse and field ranged from 
the forties or fifties to 100 per cent practically 
every day and dews were not uncommon in the field. 

Experimental. — Effects of topping on changes 
in fresh weight . — In preliminary experiments it was 
noted that untopped transplants tended to shrivel 
even though their roots were in water. To measure 

3 Smallest plant (topped 1 %") was 1.83 gms.; mean of 
all, 5.98 gms. 


such changes the following experiment was ini- 
tiated. Twenty -five nursery plants were dug on 


0 CL 




TOP TREATMENT 

Fig. 1-4. — Fig. 1-2. Mean changes in weight of five 
guayule transplants in each of five topping levels after 
being placed in tap water. CL and UT denote clusters of 
leaves remaining and untopped, respectively. In figure 1, 
morning and afternoon determinations are shown, while 
in figure 2 only those for mornings are given. — Fig. 3. 
Percentages of plants rooted in greenhouse chambers 
after nine days in water when several degrees of topping 
and two conditions of humidity were used. Each value 
based on twenty plants.— Fig. 4. Relative effects of 
girdling and humidity. Top treatments were: topped 1 % 
inches above crown (l%")j girdled 1 % inches above 
crown (G lVg), girdled above a branch with one cluster 
of leaves (G I CL), and untopped (U T). Each value 
based on twenty plants. 
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August 2 and randomized into five groups for the 
following topping treatments: tops cut to three 
inches above crowns (no leaves remained) ; not 
topped, but all clusters of leaves removed; all but 
two clusters of leaves removed; all but four clus- 
ters of leaves removed; and tops unchanged (un- 
topped). The roots were immersed in tap water 
contained in three-gallon jars. Weighings of the 
individual plants were made morning and after- 
noon for three days and subsequently in the morn- 
ing until the thirteenth day. Paper towels were 
used to dry off the excess water from the tap roots 
prior to weighing. The drying was consistent to 
within .02 gm. ( < sl per cent of wt.) of the mean 
determined by repeated wetting, drying, and weigh- 
ing of individual plants. 

The results of the experiment show that plants 
receiving each of the topping treatments lost weight 
during the daytime and gained weight at night 
(fig. 1). The amount lost during the daytime was 
closely related to the number of clusters of leaves 
present, being most for the untopped plants. Night- 
ly gains in weight were not equal to the losses, how- 
ever, and so definite trends were found. In the 
case of plants topped to three inches and also those 
in which no clusters of leaves remained, the nightly 
gains exceeded daytime losses, resulting in a net 
increase in weight. On the other hand, the plants 
with clusters of leaves present failed to regain the 
daily losses and consequently the trend was in the 
direction of decreasing weight. Analysis of variance 
(Snedecor, 1940) for weights in the third morning 
showed highly significant differences (F = 43.48 ; 
1 per cent probability .= 4.43). New roots began to 
appear during the third day and by the fifth day all 
ten plants without leaves had new root tips emerg- 
ing. None of the other plants rooted 4 within the 
time limits of the experiment. The initial rate of 
decrease in maximum weight from day to day was 

4 1.e. } formed new roots. Here and elsewhere in the 
paper rooting and rooted refer to the regeneration of root 
tips on the portions of root systems transplanted, which 
without exception at the beginnings of the experiments 
were devoid of any outwardly visible apices. 

Table 1. Water uptake, water loss , and 
numbers of clusters of leaves and 
twenty plants). 


[Vol. 32, 

not maintained by the leafy plants, so that the 
maximum weights tended to become constant after 
a few days (fig. 2). The important points of the 
experiment were the rapidity with which changes 
in fresh weights occurred and the association of 
these changes with the subsequent rooting responses 
of the plants. Changes in weights were largely 
due to net water loss and gain, as will be shown in 
the next experiment. 

Water uptake and water loss . — Eighty plants 
were dug on the afternoon of August 14 and taken 
to the greenhouse. They were divided about equally 
between two three-gallon jars containing enough 
water to cover the roots. After remaining overnight 
in the jars, they were placed in eighty test tubes 
containing water. The tubes, with spacing coincid- 
ing with that of the holes in the lids used for the 
three-gallon jars of the previous experiment, were 
held upright in vials sunk into sand. Thus, the 
plants were held by corks in a manner common to 
other experiments but in the place of a large volume 
of water under the lids, there were test tubes of 
water into which the roots extended. The purpose 
of the lids and corks was mainly to remove the 
direct solar radiation from the roots. 

The treatment of tops was in terms of the num- 
ber of clusters of leaves remaining: 0, 1,2, and 4. 
The treatment of roots was in terms of the number 
of two-inch lateral roots on the six-inch tap root at 
the beginning of the experiment: 0, 1, 2, and 4. 
Thus there were sixteen treatments of five plants 
each. Five test tubes without plants were included 
to obtain an approximation of the evaporation of 
water. The arrangement of plants was in five ran- 
domized blocks. 

The lateral roots that were retained were about 
one millimeter in diameter and care was taken to 
select ones in which transverse fissures were absent. 
Preparation of the plants required most of the day, 
so that weighings were not started until the next 
morning (August 16). The presence of the lateral 
roots made it necessary to shake the excess water 
off rather than to dry the roots with towels before 
weighing (as in the previous experiment). Varia- 


rooting of guayule transplants (hiring a five-day period in water culture when 
two-inch lateral roots on the transplants were varied (each value hased on 
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I. Grouped by clusters of leaves 

II. Grouped by lateral roots 

Number of leaf clusters 

Amt. for 


Amt. for 

signif. 

Number of lateral roots 

signif. 

G* 

i— ( 

O 

at l% a 

0 12 4 

at 5% 


Mean water uptake, gms 

2.32 

4.45 

5.20 

5.92 

4.17 

4.63 

4.45 

4.64 

Mean water loss, gms 

Change in fresh weight per plant, 

2.30 

4.69 

5.68 

6.64 

4.44 

4.96 

4.81 

5.09 

gms 

+.02 

— .24 — .48 

— .72 

— .27 

— .33 

— .36 

— .45 

Mean % change in fresh weight . . 

+.51 

—3.47 —6.50 

—9.27 2.31 

—3.76 

—4.38 

—4.50 

—6.10 1.74 b 

% rooted 

100 

30 

10 

5 

30 

25 

45 

45 


“ Hayes and Immer (1942), p. 311. 

b Observed F .= 2.11 ; amount expected at 5% point = 2.75. By the analysis of variance method the means did not 
differ significantly. 
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Table 2. Mean per cent moisture content of guayule transplants after a total of six and one-half days in mater culture . 




I. Grouped by clusters of leaves 



II. Grouped by lateral roots 






Amt. req. 





Amt. req. 


Number of leaf clusters 

for signif. 

Number of lateral roots 

for signif. 


0 

1 

2 

4 

6% 


0 

1 

2 

'4 

5% 1% 

Leaves . . . 


60.4 

56.6 

54.5 

3.11 

4.16 

56.1 

56.9 

58.9 

56.4 

3.11 4.16 

Stems 

. . 53.2 

50.3 

48.3 

45.5 

1.53 

2.03 

49.2 

48.8 

49.8 

49.4 

1.53 2.03 

Roots 

. . 58.5 

55.8 

53.9 

51.7 

1.32 

1.76 

55.1 

54.6 

55.4 

54.9 

1.32 1.76 


tions were found to be not more than ,04 gm. (<2 
per cent of wt.) from the mean of several successive 
determinations. 

The first weighing was taken as the weight upon 
which to base changes during the subsequent five 
days. The plant weight was determined first, fol- 
lowed by a determination of the weight of plant, 
plus water and container. At the next weighing the 
total weight was determined first, followed by a 
determination of the weight of the plant alone. 
After replenishing the water the total weight was 
again recorded. The mean water loss from the five 
test tubes without plants was used as a correction 
factor for the test tubes with plants. Reduction of 
the surface area of the water in the test tubes by 
the plants was perhaps overcompensated for by the 
capillary upcreep of water on the stems. However, 
the plants were treated alike so that relative dif- 
ferences were considered reliable even if absolute 
determinations were in slight error. 

Reweighings were made at 24, 48, and 120 hours 
after the initial determination. When the plants 
were grouped by clusters of leaves remaining on the 
plant, trends in fresh weights were similar to those 
of the first experiment, but when they were grouped 
by the number of lateral roots present at the begin- 
ning of the experiment, there was no significant 
difference (table 1). In the case of the plants with 
no clusters of leaves, the water uptake exceeded 
water loss, while in the case of the leafy plants, 
water loss exceeded water uptake. The variation in 
number of lateral roots as used in this experiment 
reflected no significant change in water uptake. The 
highly significant differences found in water uptake 
were due only to the topping treatments. Interac- 
tion between leaves and roots was not statistically 
significant (F = .82). As the rate of water loss 
increased with increased amounts of leaf tissue 
present, the rate of water uptake also increased 
but not as rapidly. 

An indication of rooting was first found after 
about four days in water. At harvest (six and one- 
half days in water) all plants without leaves were 
rooted, but as in the previous experiment, the leafy 
plants lost a great deal of fresh weight and failed 
to root in appreciable numbers (table 1), Moisture 
content determinations were made on leaves, stems, 
and roots (laterals removed) of all the plants (indi- 
vidually). The moisture contents showed that the 
losses recorded in fresh weights were the results of 


losses from tap roots as well as stems and leaves 
(table 2). 

Regions of water loss in roots . — To determine 
whether the decrease in moisture content of roots 
was due to desiccation of bark cells (all cells ex- 
terior to the cambium) or simply to an emptying 
of water-conducting elements of the wood the fol- 
lowing experiment was undertaken on October 21. 

Thirty plants were used, ten to obtain initial 
moisture of roots and twenty to determine moisture 
content after five days in water. Those which were 
to be placed in water were divided into two groups : 
untopped and topped to three inches. Moisture con- 
tents of roots were determined for bark and wood 
separately, two plants in each of five replications. 

The decrease in moisture on the part of roots of 
untopped plants was due to loss in both bark and 
wood (table 3). When it is taken into account that 

Table 3 . Changes in moisture content in bark and mood 
of roots of guayule transplants in mater culture. 

After 5 days in water 
Initial Topped to 3" Untopped 


% % % 

Bark 63.9 ± 1.1* 66.1 ± .5 60.1 ± .3 

Wood 37.2 ± .5 36.8 ± .3 33.9 ± .5 

Weighted mean... 63.3 ± .6 55.6 dt .4 50.1 dr .4 


a Standard error. 

percentages of moisture are based on fresh weight, 
then the change from 63.9 per cent to 60.1 per cent 
in the bark involved about twice as much water per 
unit dry weight as the change from 37.2 per cent 
to 33.9 per cent in the wood and since dry weights 
for bark and wood of the roots were nearly equal, 
about two-thirds of the loss in moisture content was 
due to loss of water from the bark. 

Lateral roots and root regeneration .- — Trans- 
plants vary considerably with regard to the number 
of lateral roots retained. Some measure of their 
importance to the transplants may be obtained from 
the following experiment. One hundred nursery 
plants with many lateral roots were obtained Au- 
gust 11 and placed with their roots in three-gallon 
jars of aerated tap water, four plants per jar. All 
plants were left untopped but their roots differed 
in respect to the number of lateral roots remaining: 
0, 2, 4, 8, and x. In plants with 2, 4, and 8 laterals 
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these were cut to two inches in length. In plants 
with x laterals the maximum amount of root system 
was retained both as to length and numbers of 
laterals. The rooting was at a maximum on the 
eleventh day with 5, 15, 25, 60 and 95 per cent 
of the plants rooted, respectively, for the above 
groups. As in the previous experiment in which the 
number of lateral roots was varied, the amount of 
rooting showed little increase when four or fewer 
lateral roots were retained, but when eight or more 
were retained, the rooting was considerably in- 
creased. 

Five plants for each treatment were weighed to 
determine changes in fresh weights during the first 
ten days of the experiment. It was found that plants 
subjected to all treatments lost weight. Thus, even 
the presence of many laterals did not increase up- 
take of water to the point where it was as rapid as 
water loss. 

The presence of laterals was important because 
the first new roots in most cases appeared on them. 
It is not known at what rate the lateral roots desic- 
cated, if at all. The rapid rooting, when it did occur, 
suggests that new roots developed before water 
became a limiting factor. 

On the fifth day it was found that the plants with 
many lateral roots deviated considerably from those 
subjected to other treatments in regard to loss in 
weight. On the tenth day the deviation was even 
greater, indicating that the weight of new roots and 
increased water uptake were appreciable. 

Relative humidity . — To check further on the fac- 
tor of water loss as influencing rooting, an experi- 
ment was set up in which plants were put into glass 
chambers in the greenhouse. One chamber was in- 
completely closed so as to have about the same rela- 
tive humidity (40 to 100 per cent) and temperature 
as the greenhouse, while the other chamber was 
supplied with fog from a “mistifier” to keep the 
relative humidity continuously high (95 to 100 per 
cent). Two hundred and forty plants were used, 
one-half under each condition of humidity. Six 
types of topping with twenty plants in each group 
were used: untopped; 4, 2, 1, and 0 clusters of 
leaves remaining; and 1*4 inches of stem. The 
plants were randomized but closely spaced at twen- 
ty-four plants for each three-gallon jar. Lids with 
many small holes evenly spaced were used to hold 
the plants upright. The water was aerated. 

By using high humidity, an attempt was made to 
vary the amount of top while keeping the water 
factor constant. Five plants in each lot were 
weighed at intervals and it was determined that 


plants subjected to all treatments under the condi- 
tions of high relative humidity gained weight. The 
plants in the lower humidity responded similarly to 
those of previous experiments. 

Roots began to appear by the third day and by 
the ninth day the maximum differences were at- 
tained (fig. 3). The high humidity seemed detri- 
mental to plants with small tops (fig. 6, extreme 
right), but on the other hand it was possible to 
increase the amount of leafy top and still get maxi- 
mum rooting. However, the untopped plants did 
not root quite as well as the ones with fewer leaves 
present. The response of untopped plants is im- 
portant in considering the possibility of another 
factor, such as auxin which might be involved in 
the failure of rooting of untopped transplants. 
Smith (1944) showed that lateral buds on guayule 
transplants were inhibited in the presence of leaves 
and he suggested the possibility of inhibition of 
roots by the leaves also. 

Girdling and relative humidity . — Differences in 
response between plants topped or girdled at a 
given level could largely be a reflection of the effect 
of water relations, and consequently, the substitu- 
tion of girdling for topping should serve further 
to control the water factor while varying such 
effects of the leaves as might be brought about by 
substances translocated through the phloem. For 
an experiment of this sort one hundred and sixty 
plants were used. The same conditions of humidity 
were used as in the previous experiment. Four 
groups of twenty plants were used for each of the 
two conditions of humidity: In the first group, the 
plants were untopped, in the second, the stem was 
girdled above one cluster of leaves, in the third, the 
stem was girdled at 1 above crown, and in the 
fourth, the plants were topped 114 " above the 
crown. In this manner any downwardly moving 
substances (in the phloem) would be delayed at the 
girdle but the girdled plants would have transpir- 
ing surfaces similar to those of untopped plants. 
The rooting response reached a maximum on the 
tenth day. The difference in response between hu- 
mid and dry chambers was striking (fig. 4). 

Under both conditions of humidity the girdled 
plants responded like untopped plants rather than 
plants topped at the level of the girdle. The signifi- 
cance of these responses is that rooting appeared to 
be limited primarily by water relations. The experi- 
ment was repeated with similar results (fig. 6). In 
the second trial the girdling treatment above one 
cluster of leaves was omitted. 

The topped plant of the humid chamber shown at 


40 to 100 per cent relative humidity, while the other three were kept at 95 to 100 per cent relative humidity, for a 
period of two weeks. Three topping treatments for each condition of humidity were used: The plants were untopped, 
girdled 1 */ 2 inches above crown, or topped 1% inches above crown. All lateral roots present are newly formed. — 
Fig. 7. Untopped transplants with 30 to 36 inch root systems after three weeks in tap water ; left, ungirdled ; right, 
girdled six inches below crown. Note that girdled plant produced new roots, but only above girdle. — Fig. 8. Root- 
ing responses of four-month-old unhardened and hardened transplants after two weeks in water. The two plants on 
the left were kept at 40 to 100 per cent relative humidity, the others at 95 to 100 per cent relative humidity. Note 
dried condition of the unhardened plant kept at the lower humidity. The small plants were stunted by the two months 
of hardening. 
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the right in figure 6 is typical of many that failed 
to grow. Microorganisms developed in masses over 
the roots, being concentrated during early stages 
near wounds where lateral roots had been removed. 
Some of the plants in the drier chamber also showed 
activity of microorganisms. Plants with short tops 
were more frequently affected but even untopped 
plants did not escape. In preliminary trials with 
the humid chamber it was found that when moisture 
was continuously sprayed on the foliage of un- 
topped plants the roots nearly all became covered 
with slime. There seemed to be no actively para- 
sitic organisms involved as necrosis of root tissues 
did not necessarily follow. A possible explanation 
is that the microorganisms thrived on organic sub- 
stances which may have been leaching from the 
roots with greatly reduced transpiration streams. 

Unhardened plants and relative humidity. — Un- 
hardened guayule plants wilt within a short time 
after they are dug in the nursery, and field plant- 
ings of these plants are low in survival. To observe 
the rooting response of unhardened nursery stock 
when water was not limiting, the following experi- 
ment was performed. Four-months-old nursery 
plants of two types were used, instead of the stock 
of the previous experiments. One type, the unhard- 
ened plants, were grown for four months with fair- 
ly abundant watering (one inch per week in two 
applications). The other plants were treated in the 
same way during the first two months but were 
hardened by withholding irrigation during the sec- 
ond two months. These types were similar to some 
of those reported on by Kelley et al. (1945) and for 
which they give survival data for field transplant- 
ing trials. 

Twelve hardened and twelve unhardened plants 
were used under each of the two conditions of hu- 
midity previously described. Within two weeks the 
unhardened plants had rooted in the humid chamber 
but not in the dry chamber, while the hardened ones 
grew under both sets of conditions (fig. *8). The 
succulent plants in the dry chamber wilted during 
the first day. After several more days the leaves and 
young stems were dead and brittle. Nearly all of 
these plants were somewhat shriveled at the end 
of two weeks. One, however, appeared to be more 
turgid than the rest and new roots were beginning 
to grow out. Possibly several more would have 
rooted eventually but the purpose of the experi- 
ment had been served: the unhardened leafy plants 
would generate new roots if transpiration was not 
excessive. 

Girdling long root systems . — Another approach 
to the problem of rooting guayule transplants was 
by girdling tap roots six inches below the crowns. 
For this experiment the second season stock was 
again used. A pit was dug in the nursery and root 
systems were washed out to a depth of three feet. 
Forty plants with roots thirty to thirty-six inches 
long were obtained. These were placed in the out- 
door wooden tanks containing aerated tap water. 
Lateral roots were removed from the tap roots to a 


distance of six inches below the crowns. One-half 
of the plants were then girdled six inches below the 


crowns. 


LATERALS 



0 I 2 


DAYS IN SOIL 



DAYS IN FIELD 

Fig. 9-10. — Fig. 9. Mean changes in moisture content of 
guayule tap roots after transplanting untopped plants 
with and without lateral roots. Each value is the mean of 
five plants. — Fig. 10. Mean moisture content, during 
eighteen days in the field, of tap roots of transplanted 
guayule stock with five degrees of defoliation. Each value 
is the mean of twenty plants. CL and UT denote number 
of clusters of leaves, and untopped, respectively. 

New roots appeared in four days on some plants 
of both groups and by the eighth day the rooting 
was maximal: nineteen plants out of twenty rooted 
in both groups. In three weeks considerable new 
root growth had been made (fig. 7), but except for 
a few short thin roots below the girdles there was 
no indication of regeneration on this isolated part 
of the girdled plants. The ungirdled plants, how- 
ever, produced new roots throughout the length of 
the root system. 

The girdling of tap roots was tried on plants in 
the nursery with the result that new roots developed 
on the six-inch portion of the tap root above the 
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girdle under conditions provided by moist soil as 
well as in water. 

While the results of the experiments in the humid 
chamber could be interpreted as indicating a factor 
besides water as being limiting in the generation 
of new roots on the untopped plants, such an inter- 
pretation would require further substantiation in 
view of the results of the present experiments on 
root girdling. 

Effects of the presence or absence of lateral roots 
upon transplanting to soil. — A study was made of 
the effects of the presence or absence of lateral 
roots on untopped plants transplanted to the field. 
Eighty-five plants with many lateral roots were 
selected for this experiment on October 3. Five were 
taken at random for determination of moisture in 
leaves, stems, and roots (laterals removed). The 
remainder was randomized into two equal groups. 
In one group the lateral roots were removed and in 
the other they were left on. The plants were set out 
in the field in rows one foot apart with plants 
spaced at six inches in moist, sandy soil. One thor- 
ough furrow irrigation was given immediately. The 
next morning a sample of five plants was taken 
from each group for moisture determination. Addi- 
tional moisture determinations were made on the 
second, fourth, eighth, and fourteenth mornings. 
On the eighth day new root tips were observed on 
three out of five plants with lateral roots. On the 
fourteenth day a total of forty plants was exam- 
ined for new roots. None was found in the case of 
plants without laterals ; thirteen out of twenty had 
new roots in the case of plants with laterals. Cor- 
related with the rooting response was the moisture 
content. 

The morning following the planting, the moisture 
content of both groups was higher than it was 
initially (fig. 9). On the second morning the plants 
with laterals were unchanged while those without 
laterals had already decreased considerably in 
moisture content. The difference between means at 
this point exceeded the one per cent level of prob- 
ability. Subsequently the difference in moisture con- 
tent between plants subjected to the treatments re- 
mained highly significant. These differences ap- 
peared prior to the appearance of new root tips. 
The effects of rooting on moisture content in the 
plants were not conspicuous until the last harvest 
when the plants with laterals were rapidly gaining 
in moisture content while the non-rooted plants of 
the other group were still desiccating. 

From this experiment it may be concluded that 
in soil the laterals beneficially increase the contact 
between plant and soil moisture and also initiate 
new roots for the establishment of the transplant. 

Effects of leaf removal on moisture content and 
rooting of transplants in the soil. — In previous ex- 
periments it was shown that when the tap roots of 
transplants were in water culture the amount of 
leafy top had a considerable effect on changes in 
moisture content and rooting of the plants. To de- 
termine whether similar changes occurred when 


transplants were planted in the field an experiment 
was initiated on October 13, using a total of four 
hundred and twenty plants. At the time of prepara- 
tion, twenty plants were taken at random for initial 
moisture content. The remaining plants were ran- 
domized into five groups for topping treatments 
which differed with respect to the numbers of clus- 
ters of leaves left on the plants: 0, 1, 2, 4, or all 
being present (untopped). The plants were set out 
in the field in rows one foot apart with plants 
spaced at four inches. Each replication consisted of 
five plants. Four harvests were made, each in the 
early morning. The first was made on the day after 
planting and the others on the third, fifth, and 
eighteenth days. Four replicates of five plants each 
were used in determining separately the moisture 
content of leaves, stems and roots. 

The moisture contents of the roots increased uni- 
formly for all treatments during the first night (fig. 
10). By the third morning, variation in moisture 
content of roots as between treatments was highly 
significant, but no new roots were evident on the 
plants harvested. The plants harvested on the fifth 
day differed even more and while new roots were 
appearing at this time they were found on only the 
leafless plants (on ten out of twenty plants). On 
the eighteenth day new roots were found on plants 
subjected to the other treatments as well, but they 
were not abundant on the more leafy plants (table 
4). The results of the rooting in the soil were close- 
ly parallel with those previously obtained in water. 


Table 4. Efects of presence of leaves on rooting, bud ex- 
pansion , and moisture content of guayule plants 18 
days in field ( each value is the mean of 20 plants ). 


Topping 

% 

% 

% moisture content 

treatment 

rooted sprouted 

Leaves Stems Tap root 


0 Cl 

85 

80 


55.0 

57.1 

1 Cl 

25 

5 

57.1 

46.6 

48.6 

2 Cl 

15 

10 

55.1 

47.1 

45.5 

4 Cl 

15 

0 

53.9 

43.9 

45.5 

UT 

5 

0 

51.6 

42,6 

43.0 

Initial moisture. 



60.3 

48.7 

51.2 


Bud sprouts were also counted on the eighteenth 
day and it is interesting to note that in several 
cases new roots were present before bud expansion 
could be detected (table 4). 

In another experiment a direct comparison was 
made between greenhouse and field conditions using 
eight degrees of topping (fig. 5). In this experi- 
ment, also, new roots were present on many plants 
before bud growth was evident, both under water 
culture and soil conditions. A similar situation was 
observed in the case of plants which had remained 
dormant in the field for one whole year. Untopped 
plants had been planted in December of 1943 and 
some of them failed to resume growth until after 
the rainy season began during the fall of 1944. 
Drought during the intervening summer had re- 
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suited in the death of all the leaves and even some 
of the stem tips of these untopped plants. When 
they were examined at the end of December in 1944 
bud growth was not yet evident on many of the 
plants but new roots were present on all of those 
examined. 

Under some conditions ( e.g. } in the high humid- 
ity chamber in the greenhouse) bud expansion was 
observed before new roots were visible. 

Discussion. — Loomis (1925) states that for the 
vegetable plants he studied recovery from trans- 
planting was affected by no factor which did not 
appear to be based, in its final effect, upon a change 
in the water supply of the plant. He segregated 
several vegetables into three groups based on the 
ease of transplanting and correlated this response 
with the ability of the plants to produce new roots. 
He concluded that the rate of new root formation 
was the most important consideration in the re- 
establishment of transplanted vegetables. 

In the present investigation the data indicated 
that one of the most important effects of topping 
guayule transplants was to reduce the transpiring 
surface and thus to help prevent water from becom- 
ing the limiting factor. When net water loss was not 
prevented in leafy transplants, it was found that 
the moisture content of the tap roots frequently 
decreased to values below those which appeared to 
be critical for the formation of new roots. This 
occurred in less time than was required for the 
appearance of new roots under the best conditions 
attained. Since the formation of new roots is con- 
sidered to be the critical factor in the establishment 
of guayule transplants, it becomes evident that 
water relations are of major importance. Further 
investigation is needed to understand why the 
moisture content of tap roots of leafy plants de- 
creased so greatly even when the roots were sus- 
pended in water. 

Since it is doubtful whether any root tips survive 
the procedures ordinarily used in transplanting 
guayule commercially, new root tips must emerge 
from those portions of the root system transferred. 
The variation in length and number of lateral roots 
on the transplants makes it important that the 
plant be able to initiate new root tips on about six 
inches of tap root alone. Any laterals present offer 
additional assurance of quick recovery. 

Other effects of topping were described by Smith 
(1944) in experiments demonstrating hormonal in- 
hibition in guayule transplants. He suggested that 
the inhibitor in some cases prevented new root 
growth. The benefit of topping, according to this 
interpretation, was to remove the major source of 
the inhibitor, the leaves. Smith (1945) subsequently 
determined the inhibitor to be auxin. It is known 
(Went and Thimann, 1937) that auxin can both 
initiate roots and inhibit their growth so it is pos- 
sible that there could be a hormone mechanism in- 
hibiting root formation in guayule. However, when 
stems of untopped plants were girdled below the 
leaves t no great improvement in rooting was found, 


which is not what might be expected if the major 
limiting factor were an inhibiting substance de- 
scending in the phloem. On the other hand, un- 
topped plants showed rooting in larger numbers 
when the relative humidity was increased, which is 
what might be expected if water were severely 
limiting. This evidence does not exclude the possi- 
bility of hormonal inhibition of new roots because 
100 per cent rooting did not occur under highly 
humid conditions, but it demonstrates that the 
water factor in guayule transplants is of consider- 
able practical importance. The results obtained in 
the experiments in which long root systems were 
girdled did not substantiate the possibility of hor- 
monal inhibition of new roots. 

At the present time insufficient data are available 
to clarify completely the problem of new root 
growth in untopped guayule transplants. 

SUMMARY 

It was found in a study of water relations of 
guayule transplants that the principal physiologi- 
cal benefit of topping came from reduction of trans- 
piration. Without this reduction, tap roots of leafy 
transplants with few or no lateral roots almost 
always became low in moisture content and failed 
to generate new roots within a reasonable period 
of time, as contrasted with the best results obtained 
for certain degrees of topping, under conditions of 
both water culture and soil. 

Changes in water content of the plants were 
studied by determining changes in fresh weights of 
individual plants in water culture and by harvest- 
ing randomized and replicated samples of field 
plantings for a determination of moisture content. 
Comparative measurements were made of water 
uptake and rate of transpiration for transplants 
with several degrees of topping, after they were 
placed in water culture. 

Experiments on relative humidity and girdling 
were used to verify the validity of the relation be- 
tween water content and the generation of new 
roots. It was found that when the relative humidity 
was high (95 to 100 per cent) little or no defolia- 
tion was necessary to obtain rooting of plants in 
water. The experiments on girdling did not com- 
pletely exclude the possibility of hormonal inhibi- 
tion of new roots on guayule transplants by leafy 
tops, but indicated that in leafy transplants water 
is frequently severely limiting in the formation of 
new roots. 
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Engineering, 
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I PLANT GROWTH UNDER CONTROLLED CONDITIONS. VI. COMPARISON 

BETWEEN FIELD AND AIR-CONDITIONED GREENHOUSE 
CULTURE OF TOMATOES 1 

F. W. Went and Lloyd Cosper 

In previous papers of this series (Went, 1944a, to Dr. T. Whitaker for the La Jolla data, Dr. J. W. 
1944b, 1945b) the growth of tomato plants under Lesley for the Riverside data, Dr. G. Mehlquist 
rigidly controlled greenhouse conditions was de- for the Westwood data, Mr. D. Buehrig for the 
scribed, and the relative importance of various ex- Santa Monica data, and Mr. R. Dorland and Mrs. 
ternal and internal factors involved in growth and B. D. Ussher for the Temecula data. A total num- 
fruit set was determined. Fruit set was abundant her of 900 plants was observed in the field plant- 
only at night temperatures between 15° and 20° C., ings and over 10,000 fruits were harvested and 
under which conditions stem elongation was also weighed, adding up to a total of 1.5 tons of fruit, 
optimal. Less growth and much less fruiting oc- Experimental. — Five tomato varieties, common- 

cur red at either higher or lower night temperatures. ly grown in Southern California and representing 
This temperature effect was much greater than different types, were selected for the main experi- 
that of relative humidity of the air, length of day ment. The varieties were: Earliana — first early 
or day temperature. home- and market-garden variety. Plant usually 

It seemed of interest to investigate whether under small, numerous flowers per cluster. Marglobe — 

field conditions the night temperature played an midseason all-purpose tomato. Plant medium, dense 

equally controlling role in the development of a foliage. Pearson — midseason Western variety. Plant 

tomato plant. Since all environmental factors are small, growth determinate. Improved Stone — late 
fluctuating irregularly in a field experiment, only canning variety. Plant large, dense foliage. Pink 

( a correlational analysis of the effects of any one of Beefsteak — late home-garden variety. Plant large, 

these factors can be made, and this is only permis- unfruitful. In addition a few plants of the follow- 

sible when a large enough range of environments ing varieties were grown: Illinois T 19 — Midwest 
has been sampled. This was partially accomplished early variety, resembles Earliana. Large Late Red 
by growing five tomato varieties, which had been — late local variety. Plant large. Valley Giant — 
investigated in the air-conditioned greenhouses late local variety. Plant large. All plants were 
(Went, 1945b), in different localities in Southern raised from the same seed supply. The seedlings 
California during 1944. More variations in climate were kept in the greenhouse, and about one month 

were obtained by making plantings at monthly in- after germination they were planted in the field, 

tervals, at each locality, so that essentially each or in one-gallon crocks in coarse gravel to be sub- 
planting was subjected to a different climate. The jected to temperature treatment in air-conditioned 
plants were watered and fertilized according to greenhouses. The latter have been described in an 
; their needs, not according to a fixed schedule, which earlier paper (Went, 1945b). Each field planting 

was precluded through the differences in climate consisted of six to ten plants per variety, 
and soil. Inspection of the field plots in the begin- The greatest variable in the tests, disease, could 
ning of September, 1944, showed in general an ex- be more or less eliminated by excluding all seri- 
. cellent stand of tomatoes. ously diseased plants. In two localities (Temecula 

Table 1 shows the location of the field plots, their and La Jolla) practically no disease occurred. In 
i general treatment and appearance, and the type of Riverside and Westwood disease was not serious. 

I records kept. The authors are especially indebted Two localities (one in Pasadena, the other San 

I i Received for publication July 14, 1945. Marino) had to be given up completely due to virus 
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Table 1. 


Locality 

Height above 

sea level Soil condition 

Plants 
trained to 

Condition of 
plants 

Records 

Pasadena 

A 

800 ft. 

Adobe, well worked 

One stem 

Fair, later much virus 

Growth rate, production 


B 

800 ft. 

Adobe, very heavy 

One stem 

Very poor, later much virus 

Growth rate, production 


C 

800 ft. 

Adobe, very heavy 

One stem 

Very poor, later much virus 

No records kept 

Westwood 


200 ft. 

Yolo clay 

Not pruned 

Good 

No records kept 

Altadena 


1900 ft. 

Very porous decom- 
posed granite 8 

One stem 

Fair, later virus and nema- 
todes 

Growth rate, production 

Riverside 


1100 ft. 

Ramona sandy loam 

One stem 

Good, little disease 

Growth rate, production 

Temecula 


1500 ft. 

Adobe with much 
humus 

Not pruned 

Excellent, no disease 

Growth rate, production 

La Jolla 


400 ft. 

Sandy loam 

Not pruned 

Excellent, no disease 

Growth rate, production 

Santa Monica 



Good, some virus 

General conditions, only 
for first planting 


a 10 tons/acre decomposed manure. Basin irrigation. 

diseases. In the other three localities (Santa Moni- 
ca., Altadena and Pasadena) seriously diseased 
plants (especially with spotted wilt and curly top) 
were removed as soon as the symptoms appeared, 
and these plants were excluded from the calcula- 
tions. Also, the second and third plantings in Alta- 
dena, which were seriously attacked by nematodes, 
had to be excluded. Proof of the fact that the toma- 
toes of the second planting in Altadena were not 
up to standard is found in table 4. Whereas the 
fruit weight in the first planting was comparable 
with that in the other localities, in the second plant- 
ing it was only one-third as great. 

Rate of stem elongation. — Since the stem 
growth rates were most extensively investigated 
under controlled conditions, the first comparison 
will be made between the stem growth rates of 
plants in the greenhouse and in the field. Under 
controlled conditions it was found that whereas day 
temperatures had some effect, the most striking 
effect on growth in length was exerted by the tem- 
perature during night (Went, 1944a, 1945b). To 
make a comparison between the field and the green- 
house experiments, the growth outside was meas- 
ured at approximately weekly intervals. Only the 
data on the plants trimmed to one stem are com- 
parable with the greenhouse experiments and will 
be presented. The stem elongation rates of the 


untrimmed tomatoes were about two-thirds as great 
as of the trimmed plants during the early stages of 
growth, and later decreased yet more. 

During the early growth of the tomato plants 
their stem elongation rates are not constant, but 
after they have reached a length of about 50 cm., 
they have a constant growth rate under constant 
growing conditions. Therefore, only growth rates 
of plants 50 cm. and over have been included. 

In earlier work (Went, 1944a) it was found that 
under optimal growing conditions fruit growth does 
not compete with vegetative growth, but that under 
suboptimal conditions, especially night tempera- 
tures above 18 °C., the often described inhibition 
of vegetative growth by fruit development occurs. 
In the field all growing conditions are only seldom 
optimal, so that usually some decrease in rate of 
stem elongation is found when fruit set is heavy. 
To get away from this complication as much as 
possible, the growth rates of all plants of the dif- 
ferent plantings were plotted separately, and a 
separate curve was then plotted for each variety, 
connecting the fastest growth rates for each meas- 
uring period. Usually there were one or two points 
where the rates of successive plantings almost coin- 
cided, when the rates of the older planting had not 
decreased as yet due to heavy fruit production, and 
the rate of the younger planting had just reached 



Fig.l 


Fig. 1. Growth rates (ordinates in mm. stem elongation per day) of five tomato varieties, as a function of the 
night temperature (abscissa). Triangles and drawn line: growth rates as measured in air-conditioned greenhouses. 
Crosses, circles and dots: growth rates as observed in the field (plotting daily minimal temperatures on abscissa). 
Crosses, growth rates as observed in Pasadena; circles, in Altadena; dots, in Riverside. 
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its steady rate. This derived growth curve, connect- 
ing the points of fastest growth, was used to plot 
figure 1. 

For each period over which the growth was 
measured, the mean minimal and maximal tempera- 
tures were calculated, and then the growth rate was 
plotted as a function of the mean minimal or maxi- 
mal temperature. Since no .correlation between maxi- 
mal temperature and growth was found, only the 
correlation with minimal temperature is shown in 
figure 1. In these graphs the growth rates of the 
same varieties, grown under controlled conditions, 
are shown as curves drawn through three points 
(data from Went, 1945b). Except for the Marglobe 
tomato the growth rates as measured in the field 
closely follow the growth rates of the same varie- 
ties as grown under controlled conditions. To show 
this it is necessary to plot growth against either the 
mean minimal temperatures for the field plants or 
the constant night temperature for the greenhouse 
plants. Even without further corrections for pos- 
sible modifying factors (day temperatures, soil 
moisture, nutrition, length of photoperiod) such a 
close correlation is found as in figure 1. Therefore, 
it is safe to conclude that under field conditions the 
night temperature, as measured by the daily mini- 
mum temperature, is the most important single fac- 
tor controlling stem elongation in tomatoes. 

There is a consistent, though statistically insig- 
nificant, higher growth rate in the greenhouse than 
in the field, but this difference is about the same for 
all varieties except Marglobe, The varieties grow- 
ing fastest in the greenhouse, also grow fastest in 
the field. The difference in rate of stem elongation 
in both the greenhouse and the field between the 
fast growing Beefsteak and the slower growing 
Pearson and Stone is highly significant. This all 
shows that the greenhouse experiments give an 
accurate account of the stem elongation responses 
of the tomatoes as observed in the field, with the 
exception of the Marglobe tomato. 

It is also clear that the growth rates of the toma- 
toes growing in Riverside, Altadena and Pasadena 
were the same as long as the minimum temperatures 
were similar, so that other factors like soil, treat- 
ment, sunshine, etc., were of only secondary impor- 
tance in regulating the growth rate. Night tem- 
perature is the controlling factor. This quantitative 
relationship holds, of course, only for healthy 
plants. The second and third field plantings in 
Altadena were heavily infected with nematodes, 
which reduced the growth rates well below those 
of the first planting. Therefore, only the Altadena 
data for the first planting have been included in 
figure 1. As soon as plants became infected with 
virus, especially with curly top and spotted wilt, 
growth rates decreased sharply, and such plants 
were removed and not included in the average 
growth rate. 

Some of the growth rates of the plants at River- 
side seem to lie below those at Pasadena and Alta- 
dena, especially in case of the Pearson tomato. This 
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is due to the longer measuring intervals at River- 
side (once monthly). Since the Pearson has deter- 
minate growth, stem elongation ceases at some time 
when a height of about one meter has been reached. 
At shorter measuring intervals this growth stop- 
page can be detected earlier, and those plants can 
be left out of the calculation of growth rates. With 
the monthly measuring intervals this is impossible, 
and some plants which stopped growth were in- 
cluded among the growing plants, lowering the 
apparent growth rate. 

Planttng 

Peoxson l B«- — 4* »S * — 40 

Z 45 »F 

3 47 »F 

4 

EarUona » — 36 >&< 45 *F 

2 — >§* 42. »F 

3 — zi — »$« 32 . — ►F 

4 47- *>F 

Maygtabe 1 39 > 5 * 41 >-F 

2 .$< 41 »F 

3 40 *F 

4 56 >F 

Stone 1 B« 41 »S< -44 *F 

2 42. *F 

3 21 — +$« 46 ► F 

4 46 *f 

Beefsteak l 36 >f 

2 3«—20 — ►$« 36 — - — >F 

3 B4— *\— ►S 4- " — 37 — *F 

4 B*-14-5< 

Illinois 3 £*•— *1— * 5 * — — »f 

4 BH4->$< 47 >F 

LL.Red I 41 50 »F 

fi ±=s=a=== =&= =sst= =*£ , - 

Fig. I June Jul y Aug. sept. Oct. hlov. 

Fig. 2. First blossoming (B), first fruit set (S) and 
first ripe fruit (F) as observed in Temecula for eight 
varieties and four plantings. (For further information 
concerning planting dates see table 2.) Numbers refer to 
interval in days between blossoming, fruit set and fruit 
ripening. 


A similar explanation holds for the Earliana 
tomato. Although this variety does not have deter- 
minate growth, its early fruit set is usually so heavy 
that it soon interferes with vegetative growth, which 
is resumed at a normal rate only after the first crop 
of fruits has ripened. This retardation of growth 
also is detected only for short measuring intervals. 

The discrepancy of growth rates in the green- 
house and in the field for the Marglobe tomato 
needs some further discussion. The drawn curves 
are all taken from the data of a single experiment 
in the greenhouse, published as table 3 in Went 
(1945). Due to several reasons (poor germination, 
disease) only one or two Marglobe tomato plants 
were left for each treatment, and this may have 
caused the values to be top high. In a subsequent 
experiment (table 4, Went, 1945b) the rate of stem 
elongation of the Marglobe tomato was well below 
20 mm. /day for the 13° night temperature, in the 
same range as the field experiments. This latter 
experiment was representative of other varieties, 
since at 13° night temperature the Norton Stone 
tomato grew 24 mm./day. In another experiment 
(not published) the Stone tomato grew 23 mm./ 
day at 16° night temperature, whereas in figure 1 
those values for the S tone are 23 and 22 mm./day. 
Therefore, it is likely that the growth rates of the 
Marglobe in the greenhouse experiments of figure 1 
are too high. 
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Blossoming and fruit set. — In only two of the 
field experiments was the date of first open flowers 
and setting of fruit noted. The data for one of these 
are shown in figure 2, It appears that there is a 
constant lapse of time between sowing and opening 
of the first flowers. This is also observed m the 
greenhouse, where the first flower cluster appears 
always at about the same node, and where the num- 
ber of nodes formed in unit time is n °t .in- 

fluenced by night temperatures above 10 C. T here 
is, however, a great variation in the length of time 
between the opening of the first flower and the 
setting of the first fruit. Within one variety this 
may vary between 20 and 57 days, or between 16 
and 42 days. During the summer months this period 
is about constant, but in spring and fall, when the 
night temperatures are too low for the setting oi 
fruit, no set is possible before a period of favorable 
night temperature occurs. In this way the first set- 
ting in the first and second planting was almost 
simultaneous in the Beefsteak tomato (fig. 2). n 
der all conditions and in all localities every plant 
flowered normally; great differences were found in 
fruit set as evidenced by fruit production. 

Fruit production. — As figure 2 indicates, a fair- 
ly constant time elapses between the first visible 
setting of fruits and their final ripening. This period 
lengthens for the last plantings, as the growing 


lOrKg.per plant 


conditions for the fruit become unfavorable. These 
data do not show the length of ripening period for 
the individual fruits, since the flowers were not 
tagged, but they give a general idea of the ripening 
period, which is not very different for the various 
varieties. 

Figure 8 gives a general idea of the fruit produc- 
tion in the different localities. It shows the produc- 
tion of ripe fruit per plant as a mean of all varie- 
ties for each planting up to the end of November. 
The small amount of fruit ripened after that period 
in all localities except La J olla has been neglected, 
also the unripe fruit is not included. The outstand- 
ing results are: the first plantings showed approxi- 
mately the same production in La Jolla and Teme- 
cula, where the plants were not pruned. In River- 
side, Pasadena and Altadena, where the plants were 
all trimmed to one stem, the production was much 
less, but yields in the three localities were of the 
same order of magnitude. With only a few excep- 
tions, the production rate of each variety in each 
locality fell off sharply for each successive plant- 
ing. This drop in production was much less in La 
Jolla than in the other localities, and the third and 
fourth plantings there were both fairly productive 
(about 50 per cent of the first planting). 

The varieties showed consistent trends in all 
localities. In the last productive planting the 

2.8 r Kof. per plant per month 


6r 0"s. 



4 






ist'plantmg 2.nd. 3vd. 4 th - 

F \g 3 



p 

Vr — 
\ 

V 

V\ 




\ X \\ 

A 


Fi^4 


Fig. 3 and 4. — Fig. 3. Total fruit production per plant of each of the four plantings as a mean oi all J 4 

five localities. Crossfs, La Jolla; circles, Temecula; triangles Riverside; dots, ? h as f Wi- 

Total fruit production per month and per plant (mean of all varieties) for each of the f P | h h lines . 
ties. Values for August and September are shown with thin lines, for °ctober and November with^heavyj ^ 
Crosses and plussesr early and late harvests in La Jolla. Circles and squares, production 
upright triangles : early and late harvests in Riverside. 
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Earliana was consistently better than the other 
varieties. This is connected with the property of 
Earliana to set fruit sooner and at lower tempera- 
tures than the others. Whereas the Stone made a 
poor showing in the first planting in all localities, 
in the second planting it did absolutely or relatively 
better. In the first and third plantings the Pearson 
was superior in productivity. Beefsteak was poor 
especially where the night temperatures were low. 

The data for the production of ripe fruit as col- 
lected at the different localities are fairly detailed, 
since once or twice each week all ripe tomatoes, 
both market size and small ones, were picked and 
weighed and recorded per plant. Figure 4 shows a 
breakdown of production for each locality and each 
planting according to early and late tomatoes. The 
fruit collected in August and September, when the 
plants started to come into production, is shown in 
the curves with the thin lines. These data show for 
each locality a rapid and steady decrease in fruit 
production, as could be expected. The data for 
October and November production (heavy lines) 
are very different; once the plants have reached 
their maximal rate of fruit production, they con- 
tinue to produce at a rate which is rather indepen- 
dent of the time of planting. The values for the 
fourth planting in Temecula and Riverside are too 
low due to the fact that in these late plantings, the 
tomato plants never reached sufficient size for prop- 
er production, at the prevailing low night tem- 
peratures. 

The data as presented in figures 3 and 4 do not 
allow an analysis of fruit production as a function 
of climate. As a first step in such an analysis graphs 
were prepared, in which for each locality the maxi- 
mum and minimum temperatures were plotted 
against time. In those same graphs the production 
of each variety for each planting was recorded as 
grams of ripe fruit produced per plant per day. 
Figure 5 presents part of these records showing 
(confirmed by the curves of the other varieties and 
localities, not presented here) that great variations 
in the ripening occur. At some periods five to ten 
times as much fruit ripens as in preceding or suc- 
ceeding weeks. 

Usually one or two weeks after a plant produced 
its first fruit a heavy crop is harvested, then a 
marked drop occurs, followed by one or more waves 
of fruit production. This behavior is partly due to 
the innate response of the tomato plant. In the few 
cases when tomato plants were kept in the air- 
conditioned greenhouses beyond the period of first 
fruit production, ripening of fruits took place as 
shown in figure 6. After an initial high rate, when 
the fruits on the first flower cluster ripened almost 
simultaneously, a drop and new rise occurred two 
weeks later, when the fruits of the second cluster 
ripened, and after that production evened out to a 
more steady rate. This happens when the tempera- 
ture has been controlled throughout the setting and 
ripening period. Therefore, the first rise and drop 
in fruit production in the field experiments can be 


accounted for by the simultaneous ripening of the 
fruits on the first flower clusters. The later fluctua- 
tions in the field plantings are much more pro- 
nounced than those in the greenhouse, and therefore 
presumably have another cause. This cause must be 
an external one, acting similarly on all plants and 
varieties, since most of them show maxima and 
minima in production at the same time, irrespective 
of planting date (see fig. 5). 

Fruit ripening and day temperature. — In the 
greenhouse experiments it was found that at 17° 
as well as at 20° and 26° day temperature fruit 
development is normal at the proper night tempera- 
ture, and that development is somewhat slower at 
the lower day temperature. In the field experiments 
no indications were found that day temperature had 
any effect on fruit production. In La Jolla the maxi- 
mum (day) temperature during the early setting 
period (August) hovered between 20° and 24°. 
During October fruit production kept up very well, 
but maximum temperatures varied between 16° and 
20°. In Pasadena, Altadena, Temecula and River- 
side maximum temperatures during August varied 
between 30° and 40°, and in October they still 
ranged between 25° and 35°, whereas fruit produc- 
tion was well below that in La Jolla. Extra warm or 
cool day temperatures were not correlated with 
production maxima or minima, and the hot spells 
only caused sunburn of the exposed tomato fruits, 
without interrupting their ripening. 

Fruit production and night temperature. — 
A comparison between the production and tempera- 
ture in La Jolla and Temecula shows that during 
July and August the minimum night temperatures 
are on an average only 2° lower in Temecula, but 
in October and November they are 3° to 8° lower. 
Fruit production in La Jolla remained fairly con- 
stant through October and November, whereas in 
Temecula the decreased night temperature (below 
12°) was paralleled by a marked decrease in fruit 
production. The same drop in minimum tempera- 
ture and concomitant drop in production was found 
in Pasadena, Riverside and Altadena. This already 
gives a strong indication that in the field as in the 
greenhouse (Went, 1944a), tomato fruit set and 
production occur predominantly at night tempera- 
tures above 14°. 

To allow a closer analysis of this phenomenon, 
the relation between fruit production and night 
temperatures preceding fruit ripening was investi- 
gated. Since such a marked fluctuation exists in the 
amount of fruit ripening each week, it might be 
expected that the maxima in fruit production are 
the results of favorable conditions sometime earlier. 
If this is true, the same favorable night tempera- 
tures should have occurred before each maximum 
in fruit production. By averaging the temperatures 
as they occurred on each successive night before 
each maximal production, the accidental fluctuations 
should cancel out, leaving only the essential fluctua- 
tions ‘which determined fruit ripening. The calcu- 
lations were started commencing with the tempera- 
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Fig. 5. Daily maximum and minimum temperatures in La Jolla, Temecula and Pasadena for the period of June 
13 to November 20, 1944. For each of these localities the production of Earliana and Beefsteak tomatoes is shown in 
grams of ripe fruit formed per day per plant. Crosses and solid lines, first planting; circles and broken lines, second 
planting; dots and dotted lines, third planting; triangles and dot-dash lines, fourth planting. 
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! Fig. 6-9.— Fig. 6. Fruit production in grams of ripe fruit per plant per day for San Jose Canner tomato, grown in 
air-conditioned greenhouse at f26°C. during day from 8:00 until 16:00 and 20° during night (16:00 until 8:00).— Fig. 7. 
Mean daily minimal temperatures (ordinates, at left in degrees Fahrenheit, at right in degrees Centigrade), occur- 
ring 38 to 1 days before a maximum in fruit production in three localities for three varieties. Crosses and solid lines. 
La Jolla; circles and broken lines, Temecula; dots and dotted lines, Pasadena.— Fig. 8. Fruit production in grams per 
plant for five varieties grown at two day temperatures and six night temperatures in air-conditioned greenhouses (data 
from Went, 1945). Dots and solid lines, Marglobe tomato; circles and broken lines, Earl) ana: squaresand dotted lines, 
Pearson; crosses and broken lines, Beefsteak; plusses and dot-dash lines. Stone. Fig. 9. Mean daily maximal tem- 
peratures (ordinates at left, degrees Fahrenheit; at right, degrees Centigrade), occurring 38 to 1 days before a 
maximum in fruit production for the Beefsteak tomato, in La Jolla (crosses), Jemecula (circles) and Pasadena (dots). 

ture on the 38th night before each maximal produc- twelve days before ripening, but this reached only 
tion, and continued to the night before the maxi- 14°C. In Temecula practically the same sequence 

mum. Only the data for August, September and Oc- of temperatures was found, from a low of 12 C., 

tober production were used, since the later produc- the minimum temperatures increased to 15° to 17° 
tion became much smaller, and the lower night tern- for a period of six days, 24 to 29 days before ripen- 

peratures increased the ripening time. For each of ing; a secondary maximum of about 15° occurred 

three localities (Pasadena, La Jolla, Temecula) the 11 to 13 days before ripening. Both curves show a 
night temperatures preceding fruit ripening were marked maximum of 15° or higher, for at least 
averaged separately for each variety. Usually about five successive nights around 30 days before maxi- 
three production maxima for each of the three first mum fruit production. 

plantings were averaged, which makes each curve Production was calculated only on a weekly basis 
an average of from six to twelve individual cases, and was averaged on a fruit weight produced per 

Figure 7 shows the results plotted graphically day per plant. But since it was plotted for the week 

for three varieties. First the curves for the Beef- preceding the actual picking, the time lapse be- 

steak tomato will be considered. In Pasadena the tween observed favorable temperatures and' fruit 

mean minimum temperature 38 days before maxi- ripening might be as much as four days longer than 

mum fruit production was about 12°C., increasing shown in figure 7. Therefore the 30 days shown in 

i rapidly to 16°C., 31 days before ripening, hovering figure 7 for the Beefsteak tomato is probably actu- 

• between 15° and 16° for five days, and then de- ally longer, and consequently it coincides well with 

: creasing again. A second maximum was reached the 36-day lapse of time between fruit set and 
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ripening in the Beefsteak tomato as shown in figure 
2. This, in combination with the greenhouse experi- 
ments, indicates that when a period of at least five 
days of minimum temperatures of 15 °C. or over 
occurs, a maximum in the production curve of ripe 
Beefsteak tomatoes can be expected a month later. 
Apparently the Beefsteak tomato does not set fruit 
when the night temperatures fall below 15° C. This 
is corroborated by figure- 8, where the critical tem- 
perature for Beefsteak fruiting was found to be 
between 13° and 16°. 

In La Jolla the minimum temperatures hovered 
around 16°C. all the time, and consequently the 
Beefsteak tomatoes could set fruit almost continu- 
ously, and less fluctuation in fruit production was 
found in that locality than in Temecula or Pasa- 
dena. The curve of mean minimum temperatures 
in the 38 days preceding maximum fruit production 
in La Jolla therefore is flat without pronounced 
minima or maxima. How well fruit production on 
Beefsteak tomatoes can be used as a minimum ther- 
mometer is shown by the fact that on September 2 
visual inspection of the field experiment at La J olla 
led to the conclusion that night temperatures there 
presumably had been 3°C. higher than in Pasadena. 
Actually the meteorological records showed that 
they had been 2.5° higher on an average for the 
previous month. 

Figure 7 also shows the mean minimum tempera- 
tures on the 38 days preceding maximum fruit pro- 
duction in the Stone tomato. These curves are very 
much like those for the Beefsteak tomato. In Pasa- 
dena there was a period of 28 to 35 days before 
each maximum in fruit production, when the mini- 
mum temperatures were about 15°; in Temecula 
there was a similar period 25 to 27 days before 
picking. At no other periods before ripening were 
such high minimum temperatures reached. 

In La Jolla again no such temperature correla- 
tions were found, due to the fact that minimum 
temperatures were high enough most of the time 
to insure good fruit set in Stone tomatoes. The 
greenhouse experiments again show that the criti- 
cal night temperature for fruit set in the Stone 
tomato lies between 13° and 16° (fig. 8). In con- 
trast with the Beefsteak and the Stone tomato the 
fruit set of Earliana was appreciable at 13° night 
temperature in the air-conditioned greenhouse, both 
at 17° and 26° day temperature (fig. 8). 

The third set of curves of figure 7 shows that 
in the field the Earliana behaved entirely different- 
ly from the other two. In Pasadena the mean mini- 
mum temperatures before maximum fruit produc- 
tion remained under 14°C., for almost all of the 
38 days, with no maximum between 25 and 35 days. 
In Temecula violent fluctuations occurred, with no 
single maximum which was higher or more extended 
than the others. Again in La Jolla there was no 
maximum of any importance. Since nevertheless in 
the Earliana the fluctuations in fruit production 
were very ..pronounced Jn the field, and the syn- 
chronization of ripening was not brought on by a 


period of high minimum temperatures about a 
month earlier, the rhythm in production must be 
due to another climatic factor. Inspection of figure 
7 suggests that five weeks before a ripening period 
low night temperatures usually prevailed, which 
suddenly became higher. Therefore, it might be 
suggested that, although Earliana can set fruit at 
temperatures below 13°, this is slow, so that any 
rise in temperature will accelerate setting and cause 
a maximum in fruit production a month later. 

The fruit production of the field plots in River- 
side and Altadena showed fluctuations similar to 
those in Pasadena and Temecula, and maxima in 
production of Beefsteak and Stone were in each 
case preceded by a period of minimum tempera- 
tures of 15 °C., or higher, about one month before 
the picking dates. Since the production in Altadena 
was low for the second and third plantings due to 
nematode infection, and the fruits in Riverside were 
picked only once every two to four weeks, these 
data are less suitable for an analysis as shown in 
figure 7. 

The Pearson and Marglobe tomatoes did not 
show such marked maxima in the mean minimum 
temperatures one month before picking as did the 
Beefsteak and the Stone , but at least in Pasadena 
there was a period of four days 30 to 35 days be- 
fore maxima in production when night tempera- 
tures of 15° were reached. The Temecula curves 
for both Pearson and Marglobe resembled those for 
Earliana in the same locality. In the greenhouse 
these varieties were intermediate between Earliana 
on the one hand and Beefsteak and Stone on the 
other hand (fig. 8). 

Figure 9 shows the same type of analysis as that 
of figure 7, only the mean of the maximum tem- 
peratures preceding each maximum in picking have 
been entered on the ordinate. It can be seen that 
for the Beefsteak tomato at no time did a range 
of temperatures occur accounting for fruit produc- 
tion which was different from preceding or succeed- 
ing periods, and which was approximately the same 
for Pasadena, Temecula and La Jolla. 

In table 2, the time is indicated when fruit pro- 
duction became greater than 25 grams of ripe fruit 
per plant per day. The days are numbered consecu- 
tively, May 1 being 1 and June 1 being 32, etc. It 
is seen that for the second planting harvesting dates 
for all three localities were about the same for any 
one variety, showing that for that planting, fruit- 
ing conditions were about equally good everywhere. 
But for the first, third and especially the fourth 
planting La Jolla was far superior to the other 
localities. 

The conclusions drawn from figures 7 and 8 are 
also corroborated by table 2. The tomato varieties 
which need the highest night temperatures for fruit 
set ( Beefsteak and Stone), ripened almost simul- 
taneously in the first and second planting in each of 
the localities. From figure 5 it is evident that they 
could not have produced earlier due to low minimum 
temperatures. Earliana , which sets fruit at the low- 
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Table 2. Date in days after May 1, 1945, when tomatoes were sown and planted, and when for the first time fruit 
production reached a rate of 25 gr . of ripe fruit per plant per day. May 1 is recorded as 1, June 1 as 82, July 1 
as 62, etc. When by December 1 no appreciable fruit set was noted, harvesting date was set as > 240 . 


Locality La J°h a Temecula Pasadena 

Planting 1st 2nd 3rd 4th 5th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 


Beefsteak 103 107 116 145 >240 110 114 (148) >240 127 122 168 >240 

Stone 108 115 141 164 >240 109 116 (162) >240 124 125 (172) >240 

Large Late Red ... no ... 

Pearson 110 120 137 171 >240 103 116 151 (203) 110 125 169 >240 

Marglobe 101 121 138 168 >240 98 115 143 193 112 124 177 >240 

Valley Giant ... 103 ... 

Earliana . ; 99 108 124 146 >240 92 110 135 195 87 109 >240 >240 

Illinois T 19 146 186 >240 >240 

Sown —19 8 29 60 95 —28 1 34 61 —28 1 34 61 

Planted in field 10 29 57 90 122 — 6 21 73 101 — 1 29 64 94 


est night temper ature, had the greatest difference in much longer time may elapse than is considered 
ripening date between the first two plantings, and typical. 

Pearson and Marglobe were about intermediate in Individual fruit weight. — The data of Boswell 
both respects. In La Jolla with its favorable sum- et al. (1933) do not agree so well with ours as far 
mer climate for tomato fruiting, the third planting as the fruit weight is concerned. For each variety 
ripened relatively earlier than the second, and the they mention a typical weight, but they state that 
fourth ripened just about one month later than the soil and climate greatly affect fruit size. By looking 

third. In Temecula the third planting produced at table 4 and figure 10, it will be seen that only 

about one month later than the second, and the 
fourth barely reached the production stage 1.5 to 
two months after the third. In Pasadena the third 
planting was already 1.5 months behind the second 
planting, and the fourth planting never produced 
more than 0.2 fruit per plant. 

The data from table 2 can also be used to com- 
pare with the work of Boswell et al. (1933), the 
most extensive cooperative tomato growing experi- 
ment heretofore carried out. In this study, nine 
tomato varieties were grown in widely separated 
localities for three successive seasons, and the re- 
sults were summarized in a table which gives, 
among other data, the time from transplanting to 
harvesting for each of their nine varieties. Three of 
these were tested in the present experiment. Table 
3 shows how close the present results agree with 
those obtained more than a decade earlier. When side data; thin lines, Pasadena data; intermediate lines, 
the climatic conditions were favorable during the La Jolla data, 
growing period (third and fourth planting in La 

Jolla, third planting in Temecula), harvesting under special conditions can one speak of a typical 

times fall within the specified period typical of the fruit weight. Such conditions are defined for the 

variety. But the table also shows that for other tomatoes produced during the second week of pro- 

climatic conditions, even though the total produc- duction in the middle of the best fruit ripening 

tion may be much greater (earlier plantings) a season. Figure 10 shows how in La Jolla the weight 

Table 3. Length of time in days between planting of tomatoes in field and fruit production exceeding 25 gr. fruit/ 
plant /day. Data for La Jolla, Temecula and Pasadena taken from table 2, the “standard” data from Boswell 
et al., 1988. 


Standard 

La Jolla Temecula Pasadena (Boswell 


Planting period 1 2 3 4 5 1 2 3 4 1 2 3 4 et al., 1933) 


Earliana 89 79 67 56 >118 98 89 62 94 88 80 >176 >146 55-65 

Marglobe 91 92 81 78 >118 104 94 70 92 113 95 113 >146 70-80 

Stone 98 86 84 74 >118 115 95 89 >139 125 96 92 >146 75-90 



Fig. 10. Mean weight of individual fruits (ordinate, 
grams per. fruit) of the Marglobe tomato as a function 
of the season (abscissa, dates). Typical fruit weight as 
published by Boswell et al. (1933). Solid lines, first plant- 
ing; broken lines, second planting; dashed lines, third 
planting; dotted lines, fourth planting; heavy lines, River- 
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Table 4. Mean weight in grams per fruit for each planting in four localities. All fruits , also the culls, were weighed 
and averaged. Total number of fruits harvested in La Jolla, 3647; Riverside , 1475 ; Pasadena , 843; Altadena, 528. 
Typical fruit weight as published by Boswell et al. ( 193 $). 


Variety 

Where planted 

1st 

planting 

2nd 

planting 

3rd 

planting 

4th 

planting 

Typical 
fruit weight 

Beefsteak 

La Jolla 

185 

177 

191 

228 



Riverside 

263 

289 

262 




Pasadena 

170 

197 

269 




Altadena 

198 

67 




Stone 

La Jolla 

92 

146 

83 

135 

195-215 


Riverside 

92 

140 

144 




Pasadena 

88 

156 

135 




Altaderta 

76 

60 




Pearson 

La J olla 

125 

123 

146 

224 



Riverside 

125 

120 

155 




Pasadena 

136 

135 

155 




Altadena 

134 

44 




Marglobe 

La Jolla 

112 

128 

119 

132 

170-200 


Riverside 

112 

95 

95 




Pasadena 

117 

141 

90 




Altadena 

104 

34 




Ear liana 

La Jolla 

120 

118 

123 

176 

125-155 


Riverside 

148 

125 

101 




Pasadena 

113 

70 

74 




Altadena 

94 

33 






of Marglobe tomatoes starts at a high level and 
then gradually drops to about one-half their typi- 
cal weight. This is observed in all plantings, inde- 
pendent of the weather. All four curves follow each 
other at about three- week intervals. 

In Easadena and Riverside the early fruits pro- 
duced were much lighter (or heavier) than the 
“typical” fruit weight, but in the course of a few 
weeks their size increased, and later closely paral- 
leled the fruit weight in La Jolla for the same 
planting. The other varieties did not behave in the 
same way. Table 4 shows that the fruit produced 
in the fourth planting are unexpectedly large — 
heavier than the “typical fruit weight” — and are 
more than twice as heavy as those ripening simul- 
taneously on the tomato plants of the earlier plant- 
ings. This greater size is typical of all the tomatoes 
planted last, as table 4 shows. This may be caused 
by the poorer conditions of fruit set (lower night 
temperatures) coupled with suitable conditions for 
fruit growth. In Pasadena and Riverside the indi- 
vidual fruit weight from week to week was much 
more variable than in La Jolla and fluctuated be- 
tween wide margins. This variability is connected 
with growing conditions which fluctuated much 
more than in La Jolla. 

In Santa Monica only the first planting was 
made. Total yield per plant was estimated and in 
table 5 these data are compared with those in La 
Jolla and Temecula, since in none of these locali- 
ties were the plants pruned. Except for the Mar- 
globe in Santa Monica and the Beefsteak in Teme- 
cula the' yields are of the same order of magnitude. 
The climate of Santa Monica is much like that of 
La Jolla, night temperatures being about 


lower, day temperatures from 2° to 5° higher than 
in La Jolla. 


Table 5. Tomato production for unpruned plants in kg 
per plant for the first planting. The Santa Monica 
weights were estimated. 


Variety 

Locality 

Santa Monica La Jolla 

Temecula 

Beefsteak 

9 

8 

2 

Stone . . 

3 

6 

5 

Large Late Red . . . . 



10 

Pearson 

13 

11 

9 

Marglobe 

1 

10 

9 

Valley Giant ...... 



7 

Earliana 

7 

5 

6 


One important exception to the rule that fruit set 
is controlled by the night temperature was observed 
in Temecula. Towards the end of November when 
the night temperatures hardly reached 5°C., fruit 
started to set generally on many plants. This oc- 
curred immediately after a rainy period with dark 
cloudy days. In some field experiments (unpub- 
lished) in which tomato plants were covered with 
muslin during late fall and winter, fruit set was 
observed to increase by decreasing the normal after- 
noon daylight intensity to 30 or 10 per cent. For 
this reason it seems permissible to consider the 
fruit set in Temecula at the end of November as a 
result of decreased light intensity during the rainy 
period, when part of the day was dark enough to 
become a functional night and effective for tomato 
fruit set (Went, 1945a). Therefore this observa- 
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tion is not necessarily in conflict with the conclu- 
sions reached concerning the limitation of fruiting 
by night temperatures. 

Table 6. Relative tastiness of tomatoes , ripe from the 
vine , as tested by various persons. 1 = Excellent 
flavor, sweetness and acidity. 6 = Insipid, lacking 
flavor. 


Locality Temecula Pasadena Westwood 

Date Sept. 3 Sept. 7 Sept. 11 

No. of persons testing 5 3 2 


Variety: 

Earliana 1 1 1 

Large Late Red 2 2 

Mar globe 3 . . 3 

Valley Giant 3 3 

Beefsteak 4 . . 6 

Stone .................. 5 5 4 

Pearson 6 6 4 


The taste of different varieties. — In differ- 
ent localities the tomatoes were tasted periodically , 
and direct comparisons could be made of the differ- 
ent varieties. Vine-ripened fruits were tasted by 
two to five persons and the varieties were graded 
from best to poorest. Usually there was complete 
agreement about the merits of the varieties between 
individual tasters, and table 6 summarizes the re- 
sults. In later tests (not shown) it turned out that 
there was a seasonal change in tastiness. Whereas 
the early fruits of Beefsteak were considered very 
poor in most tests, later in the season Beefsteak 
was considered an excellent fruit, when it had be- 
come sweeter and tastier. Pearson also showed a 
marked improvement in taste in the later harvests. 
Earliana was consistently considered one of the 
best tasting varieties; it had an excellent blend of 
sweetness and acidity. 

The increase in sweetness of fruits towards the 
end of the season can be explained as being based 
on the effects of teinperature on sugar transloca- 
tion (Went, 1944a). The lower the night tempera- 
ture (at least as far down as 8°C.), the larger the 
amount of sugar translocated from the leaves. Since 
the growth processes are slowed down at the lower 
temperatures, the increased amount of sugar arriv- 
ing in the fruits is not depleted by utilization for 
growth, and the fruit becomes much sweeter. 

Discussion. — With the definite information ob- 
tained on tomato growth and fruiting in the air- 
conditioned greenhouses (Went, 1944a, 1945b), it 
seemed worth while to investigate whether the same 
conditions also control growth in the field. Most 
information on the factors controlling tomato pro- 
duction in the field is rather indefinite, and many 
ambiguous statements are found, e.g., ‘‘thus, exces- 
sive vegetative growth may be a result as well as 
a cause of poor setting” (Work, 1942, p. 32), or 
the tomato “requires for even a fair yield very 
constantly favorable conditions” (Tracy, 1907). 


Thompson (1939) claims for crops in general that 
“favorable climatic conditions are essential for suc- 
cessful production of crops .... since high yields 
and good quality .... cannot be obtained in regions 
having an unfavorable climate.” Yet such “favor- 
able” conditions or climates are seldom clearly de- 
fined. The most definite for tomatoes seems: “As 
more recent research has demonstrated, average 
temperatures as low as 50 °F., and as high as 
100°F., tend to prevent fruit setting and tempera- 
tures of 70° to 85 °F., are more favorable” (Porter 
and MacGillivray, 1942). 

In the present experiment tomatoes were planted 
at monthly intervals in the same locality, thereby 
being subjected to very different climates, while 
edaphic conditions were the same. In different 
localities the climates also varied, so that in all a 
fairly wide range of conditions was obtained, some 
favorable, some definitely unfavorable for fruiting 
of tomatoes. Analysis of the data made it possible 
to give a precise definition of the “favorable” con- 
ditions for tomato production in the field. 

Although it is not claimed that the minimum 
daily temperature is the only factor involved in 
stem elongation and fruit production, doubtless the 
night temperature is the factor controlling tomato 
growth in the field. Not enough data were available 
to analyze the modifying effects of other factors 
such as day temperature upon fruiting but, espe- 
cially from figure 1, it is clear that they modify 
only slightly the response to night temperature. 
This has considerable practical importance, for we 
can state now categorically that the mean tempera- 
ture of a locality does not express its suitability 
for tomato culture. On the other hand, the minimum 
temperature, broken down in monthly or weekly 
averages, is an excellent guide for judging a pro- 
spective tomato growing region. This minimum tem- 
perature also allows a choice of the varieties' most 
suitable for planting and selection of proper plant- 
ing dates. By keeping a running record of minimum 
temperatures during the growing period, it is pos- 
sible to predict a month ahead when heavy fruit 
production can be expected. This is of importance 
for marketing and canning operations. 

The summer of 1944 was very cool, and in none 
of the localities did any prolonged periods of high 
minimal temperatures occur. Therefore, limitation 
of fruit production by too high night temperature, 
which was so marked in the greenhouse experiments 
(Went, 1944a, 1945b), was not encountered at all 
in these field tests. This condition may seriously 
interfere with tomato production in the tropics, the 
Southwest and certain interior desert regions, where 
night temperatures may not drop below 22° for 
periods of weeks or longer. 

Another important fact was ascertained. The 
same factors controlling growth of tomatoes in the 
greenhouse were found to be operative in the field, 
and many growth responses were quantitatively the 
same in field and greenhouse. Since tomato experi- 
ments are completely reproducible under the con- 
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ditions which can he controlled in the air-condi- 
tioned greenhouses (Went, 1945b) experiments car- 
ried out in such air-conditioned greenhouses can be 
used instead of less reproducible held experiments. 
The latter have to be repeated year after year, since 
each year with its different sequence of tempera- 
tures causes a different response of the tomato 
plants. 

Before many tomato field experiments can be 
omitted, accurate greenhouse experiments have to 
establish how long a favorable night temperature 
has to last to produce an effect and for how many 
successive days, and whether previous or subse- 
quent higher or lower night temperatures affect the 
response, nullify or intensify the effect, and to 
what extent light inhibits this temperature response. 
Other experiments have to be carried out to find 
the interactions of night temperatures on the one 
hand and age of the plants, day-time conditions, 
cultural practices, nutrition, watering and soil tem- 
peratures on the other hand. In properly equipped 
air-conditioned greenhouses of sufficient size this 
can all be investigated in even a limited number of 
multi-factorial experiments, and absolutely accu- 
rate results can be obtained, valid at any time any- 
where in the world. A beginning of this has been 
made (Went, 1944a, 1944b, 1945b). 

The importance of accurate knowledge concern- 
ing the response of crop plants to their surround- 
ings lies in: (1) establishing the validity of the 
causality principle under practical field conditions ; 
(2) enabling the choice of the best localities, climati- 
cally speaking, for growing each variety of crop 
plant by merely consulting weather records, without 
resorting to years of field tests; (3) calculating 
whether the yield in a certain locality is what should 
be expected under the prevailing climatic conditions. 
This gives the grower a chance to check up on his 
efficiency, to improve his cultural practices if neces- 
sary, and to calculate loss due to diseases. 

To prevent misunderstanding, it should be 
stressed that the effects of light intensity, length of 
day, nutrition, water, etc., can not be deduced from 
these field tests. This could not be done because not 
sufficient variation in these conditions existed in the 
experiments. Nutrients and water were abundant 
at all times, and did not limit development. Light 
intensity was high during most of the experimental 
period in all localities. Length of day also did not 
vary enough; apart from the differences to be ex- 
pected from the temperature change in the course 
of summer and fall no other major factor seemed 
to influence the results. 

summary 

Five different tomato varieties were grown in 
eight different localities throughout Southern Cali- 
fornia. By making three to five separate .plantings 
at monthly intervals, a further climatic differentia- 


tion became possible. It was found that the growth 
rate of stem elongation, when plotted against mean 
minimal temperature during the measuring interval, 
closely followed the growth rate of the same vari- 
ety in the greenhouse. This held irrespective of the 
locality or time of year, showing that night tem- 
perature was the main factor controlling stem 
growth rate. 

Fruit production differed greatly according to 
variety, locality and time of planting. Analysis of 
the production data showed no correlation between 
maximum temperatures and the amount of fruit 
ripening. 

It appeared that the marked fluctuations in fruit 
production, especially in the Stone and Beef- 
steak tomatoes, were correlated with high minimal 
(night) temperatures (at least 15°C.) occurring 
one month before ripening (this coincides with the 
period of fruit set). In the Earliana tomato, which 
sets at lower night temperatures in the greenhouse, 
no such correlation with periods of high minimal 
temperature was found. It turned out that only 
under optimal growing conditions was the period 
of time between planting and harvesting “typical/’ 
and that for the earlier plantings, which produced 
more tomatoes, the time necessary for fruit ripen- 
ing was considerably longer. The data were an- 
alyzed in various other ways, according to fruit 
weight, early and late harvests, and taste. 

Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, 

Pasadena 4, California 
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FLOWERING OF PERUVIAN CUBE, LONCHOCARPUS UTILIS A. C. SMITH, 

INDUCED BY GIRDLING 1 

William C. Cooper, Albert L. Burkett, and Alejandro Herr 


The cultivation of cube or barbasco, a native 
rotenone-bearing plant of South America, now occu- 
pies a prominent place in the agriculture of Peru. 
An estimated seven thousand hectares, or about 
17,300 acres, of cube are now planted in the mon- 
tana of Peru. Although several species of cube occur 
in Peru, Krukoff and Smith (1937) considered that 
most of the rotenone-yielding cube in Peru is Lon- 
chocarpus utilis A. C. Smith. The identity of this 
plant is still in doubt. Killip and Smith considered 
the common Peruvian “cube” conspecific with the 
fish poison of the Guianas, Lonchocarpus nicou. 
Macbride (1943) agreed with this opinion but trans- 
ferred L. nicou , as well as all other Peruvian species 
of Lonchocarpus to Derris, a genus predominantly 
Old World. Yet, curiously, up to the time of this 
investigation not a single instance of flowering of 
either wild or cultivated L. utilis had been reported, 
though Killip and Smith (1930) and other workers 
have searched for flowering cube plants at various 
seasons of the year. The wild plantings were appar- 
ently all propagated from cuttings by the Indians 
who have been growing cube as a fish poison for 
centuries. 

The investigation to induce flowering of cube ex- 
perimentally was initiated with the aim of providing 
the taxonomist and geneticist with flowering plants 
for phylogenetic and breeding studies. Girdling the 
main stem of the plant was the only treatment tried 
that was effective in inducing flower formation in the 
cube plant. This present paper reports results of the 
first experiment. 

Experimental results. — The plants used in this 
investigation were 2^/2 years old from cuttings and 
were located in the 10-hectare (25-acre) cube plan- 
tation of the Estacion Experimental Agricola de 
Tingo Maria, Peru. They were six to eight feet tall, 
were in active growth, and had produced vines at 
the apex which had intermingled among the various 
plants, producing a jungle-like growth (fig. 1). 

The individual plants contained from one to three 
separate main branches coming from the original 
mother cutting, which was buried several inches be- 
low the surface of the soil. One or more branches 
were girdled on each of twelve plants on May 18, 
1944. Girdling consisted in removing a ring of bark 
about one-half inch wide from the main stem of the 
plant near the ground. In addition to girdling of 

1 Received for publication July 30, 1945. 

These investigations were made possible by funds pro- 
vided through the United States Inter-Departmental Com- 
mittee on Cultural and Scientific Cooperation and funds 
from the Government of Peru. 

These investigations were conducted at the Estacion 
Experimental Agricola de Tingo Maria, operated through 
collaboration of the United States Department of Agricul- 
ture and the Ministry of Agriculture of Peru at Tingo 
Maria, Peru. 


main stems, six small lateral branches near the top 
of the plant were ringed on two plants that had not 
had the main stems girdled. 



Fig. 1. Cube plant QVz years old from the Tingo Maria 
cube plantation. The soil has been removed to expose the 
larger roots. 


During the next three months vegetative growth 
was slowed down considerably on the girdled plants. 
Callus tissue formed on all of the ringed areas, and 
nearly all the plants showed a marked swelling of 
the stem just above the girdled area. No flower buds 
were observed as late as August 22, 1944. 

Thle first flowers (fig. 2) were noted on September 
10, 1944, approximately four months from the time 
of girdling. During the week following September 
10, all of the girdled branches flowered profusely 
on that portion of the branch which was above the 
girdle. Only the girdled stems flowered on plants 
that also had several untreated main stems. On 
plants that had only secondary branches girdled, 
only the girdled branches flowered. No fruit was set 
on any of the girdled flowering branches. 

At the time of the flowering of the girdled plants 
none of the neighboring ungirdled plants produced 
flowers. After a thorough search of each of the 5,000 
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plants in the station cube plantation, however, five 
ungirdled plants were observed producing flowers. 
The flower spikes on these plants were much smaller 
than those produced on the girdled plants. 

In addition to the girdling in May, 25 other cube 
plants were girdled in July, 1944. These plants did 
not flower in September, 1944, which was the time 
that the plants girdled in May flowered. 

Discussion. — These preliminary results appar- 
ently indicate that under some conditions girdling 
will induce flowering in cube. From the present data 
we do not know whether girdling in May is defi- 
nitely necessary in order to induce flowers. We know 
only that girdling in May is effective in inducing 
flowers in September, while girdling in July is not. 
Further experiments in which plants are girdled at 
various seasons of the year are required to determine 
the most effective season for girdling. 

The natural flowering found at the time of the 
flowering of the girdled cube plants may be ac- 
counted for by accidental injury to the stem or root 
of the plants, which might give an effect similar to 
that of girdling. The small percentage of natural 
flowering and the possibility that, even when girdled, 
flowering may take place only in mid-september , 
could account for the failure of earlier workers to 
find cube flowers. 

Because of their taxonomic value, herbarium ma- 
terials bearing flowers induced by this experimenta- 
tion are deposited in the Herbarium of the National 
Arboretum, Washington, D. C. 


Just what happens in cube after girdling which 
results in flower formation is, of course, a matter of 
conjecture. The literature abounds in instances 
where girdling has influenced flowering and fruitset 
of various plants. Where flowering was induced by 
girdling, however, it was always a matter of induc- 
ing earlier or more flowering than normal. In the 
case of cube, except on rare occasions, only girdled 
plants flowered. 

SUMMARY 

Girdling the main branches of cube plants in Peru 
in May has been found effective in inducing flower- 
ing in September. This is a practical field method 
with cube which should prove a great aid to both the 
genetical and taxonomic studies with cube* 

U. S. Department op Agriculture,, 

Orlando, Florida, and 

Estacion Experimental Agricola de Tingq Maria, 
Tin go' Maria, Peru 
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THE SPECIES CONCEPT IN FUSARIUM WITH REFERENCE TO DISCOLOR 

AND OTHER SECTIONS 1 

William C. Snyder and H. N. Hansen 


A partial revision of the genus Fusarium , in- 
volving a reduction in the number of species, was 
proposed in two preceding papers (Snyder and 
Hansen, 1940, 1941). In the present paper the re- 
mainder of the genus is revised in keeping with the 
species concept adhered to in the previous articles. 

In the treatments of sections Elegans and Mar - 
tiella, it was the writers" conviction that the former 
classification was not sufficiently usable for the 
average worker, principally because of the difficulty 
in distinguishing with certainty between the large 
number of species involved. Consequently, in revi- 
sions based upon analytical studies of the varia- 
bility of these fungi, employing the single spore 
method of Hansen and Smith (1932), all former 
species in section Elegans were reduced to synono- 
my with F. oxysporum (Schl.) Snyder et Hansen, 
and likewise the species in section Martiella were 
combined into the one species, F. solani (Mart.) 
Snyder et Hansen. A trinomial system of nomencla- 
ture was used to distinguish the plant pathogens 
of each of these emended species, wherein a forma 

1 Received for publication July 23, 1945. 


name was attached to that of the species to indicate 
relative specificity for host as well as pathogenicity. 

In completing the revision of the taxonomy and 
nomenclature of Fusarium, the same single spore 
method of analysis was employed to determine 
ranges of variability, as reported upon in the earlier 
papers. Also, as before, judgments concerning spe- 
cies limits were made from the standpoint of their 
practicability for those working in biological sci- 
ences. 

Although authentic representatives of Fusarium 
species were obtained directly or indirectly through 
the kindness of Dr. H. W. Wollenweber for the sec- 
tions Arachnites, Sporotrichiella, Roseum, Arthro - 
sporiella, Gibhosum, Discolor, Lateritium, and Li - 
seola, the bulk of the members studied were recent 
isolates made in this country* Isolates were re- 
ceived also from Dr. O. A. Reinking and Miss Helen 
Johann, members of the Fusarium Conference at 
Madison in 1924 (Wollenweber et al 1925). Many 
of the above sections were donated by Dr. J ohn W. 
Oswald, and miscellaneous Fusaria, sent in for 
identification, have been received from various parts 
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of the United States. Several members of sections 
Eupionnotes and Macroconia were isolated in Cali- 
fornia, and additional specimens were received from 
Dr. John Ehrlich and Dr. E. S. Luttrell from Idaho 
and Georgia, respectively. Cultures representative 
of section V entricosum were also isolated in Cali- 
fornia. Of the sixteen sections into which Wollen- 
weber and Reinking (1935) divide the genus Fusa- 
rium, only three small sections comprising a total 
of four species were not studied. These sections are 
Submicrocera and P seudomicrocera , species of which 
to some extent are associated with insects, and 
Spicarioides containing the one species F . decern - 
cellulate Brick, a saprophyte. 

The work on the sections treated in this paper 
started with 142 isolates, but numerous others were 
added as they were acquired. When single spore 
cultures were made, usually one to several variants 
eventually were obtained from each isolate, and in 
turn some of these variants continued to yield addi- 
tional variants. Records of the microscopic and ma- 
croscopic characters of these isolates, and of their 
progenies over a period of three years, have pro- 
vided the experimental data upon which revisions in 
classification were made. 

The results from these studies indicate, as was 
the case in sections Elegans and Martiella, that the 
recorded number of species far exceeds that which 
may be distinguished readily by ordinary means, 
and that the criteria upon which the sections them- 
selves are based are in many cases unreliable. Ac- 
cordingly, and for reasons given later, a reduction 
in number of species has been made and all sections, 
which as a result become unnecessary, are dropped. 

Sections Roseum, Arthrosporiella, Gibbosum 
and Discolor. — All species, varieties and forms of 
these four sections are reduced here to one species, 
the name of which on the basis of priority, and 
usage, becomes F. roseum (Lk.), the description of 
which is emended accordingly. Those members of 
these sections which cause seedling blight, root or 
foot rot, or head blight of cereals are further dis- 
tinguished by the forma name, cerealis (Cke.) to 
indicate pathogenesis. These pathogens then be- 
come known collectively as F. roseum f. cerealis 
(Cke.) n. comb., while members of this species 
which are not pathogenic to cereals are simply 
F . roseum . 

There are several reasons which the writers be- 
lieve justify this change, first of which is the un- 
dependability of certain of the section characters. 
Wollenweber and Reinking (1935) have separated 
these sections principally as follows: 

Terminal chlamydospores lacking 
Intercalary chlamydospores lacking Roseum 

Intercalary chlamydospores present 
Sporodochia lacking Arthrosporiella 

Sporodochia present Gibbosum 

Intercalary and sometimes terminal 
Chlamydospores present Discolor 

It is true that other characters also supplement 
these, including foot cell development, degree of 


curvature of the macrocondia, and color of stromata 
and of sclerotia if present. However, the empha- 
sized characters concern the chlomydospores. It is 
evident that at best the nature of this key does not 
provide a clear basis for separating sections. More- 
over, single spore cultures of fungi in section 
Roseum were found at times to produce variants 
which formed chlamydospores as abundantly as 
those in section Gibbosum , and variants of isolates 
in Gibbosum sometimes failed to produce chlamydo- 
spores. This observation has been recorded also by 
Oswald (1942). Representatives of section Discolor 
have been described as having at least intercalary 
and sometimes terminal chlamydospores, but in sev- 
eral isolates of F . graminearum Schwabe of this 
section, no chlamydospores at all were formed. 
Later, certain variants of this species were obtained 
which produced both types of chlamydospores. 

Experience has shown that the presence or ab- 
sence of sclerotia, and their color, are unstable and 
undependable taxonomic characters, and this has 
been so reported by Raillo (1935). 

Color of mycelium and of stromata cannot be 
used to separate these sections for one of the char- 
acters common to each of them is the production of 
rosy colored mycelium in some part of the colony, 
although this is perhaps less often true in Gibbosum 
than in the other sections. This leaves only the coni- 
dial shape, the amount of foot cell development, and 
wall thickness as means to separate sections, all of 
which are intangible and extremely difficult to use, 
even if they were constant. The manner of conidium 
production, whether in sporodochia or not, is known 
to be an unreliable character as has been shown by 
Raillo (1935), Snyder and Hansen (1940 and 
1941), and Hansen and Snyder (1943). 

In attempting to identify a Fusarium which be- 
longs to one of these sections, therefore, one often 
finds he is uncertain of the section to which his 
organism belongs. He is then confronted with the 
numerous descriptions of species, varieties and 
forms found in the four sections. The principal 
criteria in species separation have been size and 
shape of conidia, septation frequency, and color 
production. But these are unsuited for characteriz- 
ing the closely drawn but narrowly delimited spe- 
cies of Wollenweber and Reinking (1935) for the 
reason already dealt with by the writers in preced- 
ing papers (1940, 1941) on the genus. 

It is not the intent here to imply that the charac- 
ters previously used for separating Fusaria are of 
no value. Nor is it to be inferred at all that no 
Fusaria can be identified, definitely, by the existing 
system. On the contrary, it is frequently possible 
to place with precision a given isolate in its proper 
position in Wollenweber and Reinking’s (1935) 
classification, at a given time. But it is when an 
isolate seems to straddle species lines, or even sec- 
tion lines, that the system breaks down, for too 
often an isolate appears to fit possibly into a num- 
ber of species but not certainly into any one. An- 
other serious breakdown in the system occurs when 
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fungi which originally may have been specifically 
identified are re-examined and re-identified after a 
period in culture, for then it may be found that the 
first and second identifications do not agree, per- 
haps not even in respect to section characters. 

For example, a single spore culture which agreed 
well with the description of F. culmorum (W. G. 
Sm.) Sacc. of section Discolor repeatedly produced 
variants which fell into the species F. sambucinum 
Fkl. of this section. Again, F . culmorum threw vari- 
ants identified as F . heterosporum Nees, and as F . 
flocciferum Cda., all of section Discolor , a finding 
reported also by Oswald (1942). A single ascospore 
culture of F. graminearum ( Gibberella saubinetii 
(Mont.) Sacc.) of section Discolor gave variants 
some of which closely resembled F. avenaceum 
(Fr.) Sacc. of section Roseum, and others which 
approached F. culmorum of section Discolor . Under 
certain conditions of growth, a culture first identi- 
fied as F. graminearum was later placed in F. sub- 
lunatum Rg., and at still another time, in F . macro - 
ceras Wr. et Rg., all in section Discolor . Yet its 
isolation history, and pathogenicity tests showed it 
to be the organism known as F. graminearum. A 
similar type of apparent fluctuation in species iden- 
tity occurred in members of sections Roseum and 
Gibbosum. A fungus first identified as F. avenaceum 
(section Roseum ) later was placed as a variety of 
F. scirpi L. et F. in Gibbosum. Members of Arthro- 
sporiella (non-sporodochia formers) largely* seemed 
to be variants from sporodochia-producing members 
of Roseum, Discolor and Gibbosum. 

These findings of apparent transmutations of 
species in the above groups of Fusaria are not new. 
Mitter (1928) reported that the specific characters 
for Discolor species were not distinctive since sal- 
tants derived from a given parent may show a 
greater divergence in critical characters than is 
found between species. He also concluded that the 
criteria used for separating sections were “entirely 
unsatisfactory.’" In other studies in these same sec- 
tions of Fusarium, undertaken from both the cul- 
tural and pathogenicity standpoints, Oswald (1942) 
clearly demonstrated the unreliability of sectional 
as well as of species criteria in the existing classi- 
fication system. He came to the conclusion that the 
cereal pathogens of these sections ( Discolor , Ro- 
seum, Gibbosum ) could not be distinguished with 
dependability. At first thought, a merging of species 
of these sections may seem to be on too inclusive a 
scale, but actually plant pathologists have been or- 
ganizing subject matter on certain Fusarium dis- 
eases somewhat along this line for some time. 

In principle, Dickson’s (1939) thorough treat- 
ment of the Fusarium root rots and scab of cereals 
would seem to be in accord with this view. Under 
the heading of “Fusarium blight, scab of barley” 
Dickson cites as the “causal organism,” F. grami- 
nearum ( Gibberella saubinetii ), F. culmorum , and 
F. avenaceum . The same treatment is given for 
wheat scab. Although several species of Fusarium 
are credited with causing this disease, they are 


sometimes grouped as one. It may be true that two 
of these species are not known to produce ascus 
stages, but then not all individuals of F. grami- 
nearum produce an ascus stage. It is well known 
that sexually non-fertile individuals arise in asco- 
mycetes (Hansen and Snyder, 1943) yet may still 
be members of the same imperfect species. Bennett 
(1935) states concerning the identification of F . 
graminearum and F. culmorum : “For the two fungi 
in question, the distinctive features are that Gib- 
berella saubinetii (F, graminearum ) produces peri- 
thecia but no chlamydospores, whilst F. culmorum 
produces chlamydospores but no peritheeia.” But 
the present writers and also Oswald (1942) have 
obtained abundant chlamydospores in certain cul- 
tures of F. graminearum. Does, then, the capacity 
to produce peritheeia alone constitute an accept- 
able basis for the separation of F. culmorum from 
F. graminearum ? If so, then what is to be done 
with the variants of F. graminearum which can no 
longer produce peritheeia, or those which for some 
reason do not complete this stage? 

Bennett (1935), Oswald (1942), Sprague (1944) • 
and others have shown that several species in sec- 
tions Discolor, Roseum and Gibbosum are asso- 
ciated in nature with root rot of cereals, and that 
by means of pathogenicity tests these species are 
in some degree pathogenic. They have shown that 
the type of symptoms produced by these species is 
the same, whether infection be on the below-ground 
parts or on the heads of cereals. Bennett cites not 
only F. graminearum, F. culmorum (both of section 
Discolor ) and F. avenaceum (section Roseum ) as 
the cause of cereal root rot but also F. equiseti 
(Cda.) Sacc. (section Gibbosum ) and F. sambuci- 
num (section Discolor) (weakly pathogenic). Gor- 
don and Sprague (1941) have found that a variety 
of F. scirpi (section Gibbosum) is also pathogenic 
on cereals. Oswald added still other species to this 
list of pathogens, namely, F. flocciferum, F. reticu- 
latum Mont., and F. sublunatum , of section Dis- 
color, at the same time pointing out that the more 
intensively these species and their variants are 
studied in culture, the longer the list of fungi may 
become. Wollenweber and Reinking (1935) them- 
selves mention F. heterosporum, F. scirpi, F. equi- 
seti, F. arihrosporioides Sherb., and other members 
of these four sections as being closely associated 
with root rots of grain in addition to several other 
species. 

Oswald has found that the variants of F. grami- 
nearum derived by single-spore culture and those 
of F. culmorum, such as F. sublunatum and F. sam- 
bucinum respectively, are less pathogenic than the 
parent types. Isolates of these fungi direct from 
nature also show differences in virulence. In fact 
some isolates of F. sambucinum from non-cereal 
hosts for example, have been found (Oswald, 1942) 
non-pathogenic on cereals. Here is another point of 
difficulty in the existing classification, for how is 
one to distinguish between the pathogenic and non- 
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pathogenic forms of F. sambucinum or, similarly, 
the parasites and saprophytes in other species? 

There are diseases other than those of cereals the 
cause of which has been ascribed to a group of sev- 
eral Fusarium species of the sections now condensed 
into F. roseum . Wollen weber and Reinking (1935), 
for example, list F. culmorum, F . avenaceum, F . 
semitectum , F. sambucinum , F. equiseii and F. 
scirpi, among others, as the cause of tomato fruit 
rot. All of these binomials are synonyms of our 
F. roseum . Wiant (1937) in investigations on the 
market diseases of melons found eleven different 
species or varieties of Fusarium associated with 
fruit decay, and all of these except two, which were 
represented by single isolates, belong to sections 
Roseum, Arthrosporiella, Gibbosum, and Discolor. 
The morphologic similarity of the members of these 
sections is paralleled by their biologic resemblances, 
facts which seem to require their treatment in one 
rather than in several groups. 

It is in part due to such observations that the 
writers propose the combining of sections Roseum, 
Arthrosporiella, Gibbosum and Discolor into the 
one morphologic species, F. roseum, and of the 
pathogenic forms of this species which attack cere- 
als under the trinomial, F. roseum f. cerealis. The 
name F. roseum is one of the oldest binomials in the 
genus Fusarium, having been applied in 1809 by 
Link (1809), the year the genus was established. 
This species later became split into a number of 
species. Wollen weber and Reinking (1935) in their 
synonomy refer to F. roseum and varieties as being 
in part F. graminearum, F . sambucinum, F. grami- 
num Cda., F. semitectum Berk, et Rav., F. avena- 
ceum, F. culmorum, F. scirpi, or their varieties. 
These are species in sections Discolor, Gibbosum, 
Arthrosporiella and Roseum, and are among the 
species which the writers propose to recombine un- 
der the original binomial F. roseum as conceived 
by Link well over a century ago. 

Certain of the Fusaria grouped here under F . 
roseum have been reported to cause diseases other 
than root rot and scab of cereals. For example, root 
rots of alfalfa, broad bean, and carnation, and a 
wilt of potato have been attributed to F. avenaceum. 
Also, F. culmorum has been identified with a dis- 
ease on carnation. Should later work demonstrate 
that the pathogens of these or other diseases caused 
by representatives of F. roseum as now constituted 
are physiologically specialized as to host and dis- 
tinct from F . roseum f. cerealis, then new formae 
should be established for them. 

The perithecial stages of the species in the four 
sections considered here, in so far as they have been 
described heretofore, fall into six species (with 
varieties) of Gibber ella. These species have been 
distinguished from each other by slight differences 
in perithecial and spore measurements. In keeping 
with the reduction of the imperfect species under 
one name, the perfect species names are likewise 
reduced to one, namely, Gibberella roseum n. comb. 
This binomial is selected rather than others here- 


tofore used, such as G. saubinetii, since F. roseum 
was described prior to the discovery of any Gib- 
berella stage of a Fusarium . It seems natural, there- 
fore, that the species name roseum should have 
priority in referring to any individual or individuals 
of F. roseum in which the perfect stage occurs or 
later may be found to occur. Gibberella roseum f. 
cerealis n. comb, becomes the name of the perithe- 
cial stage of F. roseum f. cerealis, and the synonym 
of Gibberella saubinetii. 

Section Lateritium. — Although the species of 
this section show distinct relationship to the species 
F. roseum, and Wollenweber and Reinking (1935) 
give Link’s F. roseum, in part, as a synonym of 
F. lateritium Nees, the writers feel that there is 
some practical advantage in maintaining for the 
present a separate species to represent this section. 
Accordingly, in revising the section Lateritium on 
bases of the same nature as those discussed for 
F. roseum, all species and varieties of the section 
are placed in the one species, F. lateritium. This 
binomial is selected on the basis of priority, the 
species having been described by Nees in 1817. 
Since no highly parasitic members of this group 
have been recognized heretofore, no formae of the 
emended species, F. lateritium , are created at this 
time. 

The ascigerous stages recorded for section Late- 
ritium are combined under the one species name, 
Gibberella lateritium (Nees) n. comb., in view of 
their close similarity. 

Section Liseola. — This section, which includes 
other Fusaria with a Gibberella stage, is well known 
to plant pathologists through F. moniliforme Sheld. 
and its varieties.The section as formerly consti- 
tuted, also contained two other species, F. lactis 
Pir. et Rib. and F. neoceras Wr. et Rg., with their 
varieties. 

The principal character used to divide members 
of this section into two groups is whether the micro- 
conidia are borne in chains or false heads. Further 
subdivision has been based on the manner in which 


the macroconidia are produced, whether by sporo- 
dochia, pionnotes, or neither; and on spore size. 
These criteria, as used, have been shown by the 
writers to be unsatisfactory for separating the nar- 
rowly defined species of Wollenweber and Rein- 
king in the case of other sections (Snyder and Han- 
sen, 1940, 1941), and the same applies here. Fur- 
thermore, single spore cultures of F. moniliforme 
have been observed which, undisturbed, clearly 
bear the microconidia simultaneously both in chains 
and in false heads. This character (microconidia 
borne in chains) is, therefore, an unstable feature 
of the section which has some usefulness when pres- 
ent, but can not be used reliably to" separate even 
varieties. Also, it has already been shown clearly 
that the presence or absence of sporodochia or pion- 
notes is of no value whatever in distinguishing spe- 


cies, any more than are slight differences in size or 
septation frequency. The species and varieties of 
Liseola, therefore, are reduced to one species, ,F . 
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moniliforme (SheldL) the name of which is selected 
on the basis of usage as being that best known and 
best established in the section. 

For similar reasons, Gibberella moniliforme 
(Wineland) becomes the name of the perfect stage 
of this species. The binomial F. moniliforme , was in 
use prior to the discovery of the perfect stage, and 
therefore its continued use is most appropriate 
where the perfect stage of any member of the spe- 
cies is involved. 

Many papers have been published dealing with 
parasitism in the section Liseola . Seedling, stalk, 

I and ear rots of corn and of other cereals have been 

I identified with F. moniliforme, or a variety of it, 
in this country for many years. Much has been 
written of the bakanae disease of rice in the Orient, 
and of the pokkah-boeng disease of sugar cane in 
those areas in which the crop is grown extensively. 
Both of these diseases have been attributed to F. 
moniliforme or F. moniliforme v. subglutinans Wr. 
et Rg. One or both of these names have been ap- 
plied to fungi reported to cause diseases also of 
various other crops, including fig, cotton and ba- 
nana. Since there is not yet conclusive evidence that 
these various diseases are caused by physiological 
forms, specialized as to hosts, no attempt is made 
at this time to establish formae within the emended 
species F. moniliforme. 

i Section Sporotrichiella. — Separated by the 

presence or absence of sporodochia and pionnotes, 
spore septa tion and size, the species and varieties 
of this section closely approach F . roseum except 
for odd-shaped microconidia. It is a question as to 
how much taxonomic emphasis should be placed on 
I the shape of the microconidia, for it is not an alto- 

gether dependable character. Bennett (1935) re- 
ports that the pyriform microconidia of F. tricinc - 
turn (Cda.) Sacc. may disappear with age, and also, 
that such microconidia may be found in F. sambu- 
cinum . Gordon (1944) has reported the frequent 
association of F. poae Peck with cereal seed in 
Canada. This species also has been identified both 

I with a bud rot of carnation and a disease of certain 

grasses. However, F. avenaceum, F. reticulatum and 
F. tricinctum, etc., have also been reported to pro- 
duce the same disease on these hosts. The members 
of the section clearly are variants of the same fun- 
gus, and are here so designated under the older spe- 
cies name, F. tricinctum, while the pathogen on car- 
| nation is indicated by the trinomial F . tricinctum 

f. poae (Pk.) n. comb. 

Section Arachnites. — Members of this section 
have been separated principally on the characters 
of septation frequency, substrate, and spore size. 
Variability in isolates of F. nivale (Fr.) Ces. has 
been found great enough to embrace the other spe- 
cies and varieties of the section. Consequently, the 
species F. nivale is emended in agreement with the 
section description, and C alone ctria nivale (Fr.), 
f used to designate the perfect stage of this species 

a in so far as it occur?. Furthermore, the cereal patho- 

} gen of the emended species is given a forma name, 


F. nivale f. graminicola (Berk, et Brme) n. comb., 
with a perfect stage of Calonectria nivale f. grami- 
nicola (Berk, et Brme) n. comb. The morphology 
and role of F. nivale as a cereal pathogen brings 
this fungus, like F. tricinctum, also into close rela- 
tionship with F. roseum , 

Sections Eupionnotes and Macroconia. — 
These sections contain nine species and varieties, 
mostly unimportant from the standpoint of plant 
pathology, but not infrequently encountered. The 
perfect stages in the genus Ne ctria have been col- 
lected for the work reported here from dead bark 
of various trees and shrubs, from stromata of 
Sphaeriaceous fungi, from blister rust lesions, scale 
insects, and from decaying vegetable matter includ- 
ing pumpkin rind. Some of these fungi when first 
recovered from nature seemed to fall with some 
uncertainty in the species F . aquaeductuum (R. et 
R.) Lagh., F. sphaeria Fkl., F. cavispermum Cda., 
F. merismoides Cda., F. dimerum Penzig, and F. 
flavum (Fr.) Wr. In gross cultural characters they 
resemble one another in that the colonies are mostly 
slow-growing with scant mycelium, consisting large- 
ly of conidial slime, usually bright colored. Later, 
variants were obtained which consisted of tufted 
mycelial colonies which produced less conidial slime 
but which were still slow-growing. Although no 
perithecial stage of F. dimerum is mentioned by 
Wollenweber and Reinking, the writers obtained a 
typical F. dimerum from several single ascospore 
cultures made from Nectria perithecia found on a 
rotted pumpkin fruit. Later, these same cultures 
produced longer macroconidia, like those of F. 
merismoides. Likewise, F. flavum yielded at times 
larger macroconidia. 

Not only have the small-spored species, F. di- 
merum, and F. flavum, of Wollenweber and Rein- 
king been found to produce in culture much larger 
macroconidia, like those of F . merismoides and 
F . expansum Schl., but also, single spores from 
nature which approached the size of those described 
for F. gigas Speg. yielded in culture smaller conidia 
of the kind described for F. coccophilum Wr. and 
F. expansum . These findings support the view that 
the difference in size, shape, and septation, used as 
bases for separating species in these two sections, 
is to a certain extent merely the reflection of envi- 
ronmental influences, and to a certain extent repre- 
sents variants of the same fungus. 

It has been the experience of the writers, in 
working with the members of these two sections, 
that spore shapes so merge one into another, and 
that spore sizes are so extremely variable and clear- 
ly determined in large part by the environment 
(including substrate) as to make impractical the 
delimitation of species as heretofore attempted. Be- 
cause of the impracticability of separating these 
species the writers judge it advisable to unite the 
members of the two sections into one species, F. 
episphaeria (Tode) n. comb. This name is taken 
from the ascomycetous species, Nectria episphaeria 
(Tode) Fr., described in 1791, to which it belongs. 
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Likewise, the variability in size and even shape 
of the perithecia as well as in ascospore sizes o 
perfect species of these sections seem to make un- 
tenable the number of species distinguished. Ihese 
are placed here into one species, Nectna episphaeri 
(Tode), into which the perfect stages of members 
of F. episphaeria fall (where and if found). 

Since there is evidence that one of the constitu- 
ents of the present species, F. cpi.sp/i«crm, para 
sitizes scale insects, the forma F. e P u P hatrl “ £ 
coccophila (Desm.) n. comb is established for i 
with an ascigerous stage in Nectna episphaeria f. 
coccophila (Desm.) n. comb. 

Section Spicarioides.— Only one species has 
been described for this section (F. decemcellulare) 
This fungus was not available for study, a 
retained for the time being as a doubtful species 
under the name F. ngidiusculum (Berk, et 
n. comb., which name is taken from its eat _ier 
scribed perfect stage, Calonectna ngidiuscula 
f Berk, et Brme.) Sacc. 

Sections Submicrocera and Pseudomicrocera. 
—Members of these sections were not studied. 
However, because of the similarity in the descrip- 
tions of the species of these sections they are here 
arbitrarily combined into one, which on the basis 
of priority is called F. ciliatum (Lk.). The various 
binomials applied to the ascus stages are also re- 
duced to one, namely, Calonectna ciliatum n. comb. 
This species is listed here as a doubtful species also. 

Section Ventricosum.— Since publication of the 
revision of section Martiella, isolates of the one 
species (F. argillaceum ) (Fr.) Sacc. of section 

Ventricosum have been obtained and studied. As a 
result, F. argillaceum is found to be a synonym ot 
F solani, and the section characters are merged into 
the description of the latter species, with a ascus 
stage, Hypomyces solani (Rke. et Berth.) Snyder 
et Hansen. 

Revision and synonomy of sections other than 
Elegans and Martiella. — Names of the species 
retained in the following classification are the same 
as those previously used, but the descriptions have 
been changed and broadened so as to include the 
species now listed as synonyms. The synonyms 
given include those representing first descriptions 
of the fungi in question. Also listed are the syno- 
nyms of Wollen weber and Reinking’s species, thus 
relating the new nomenclature used here directly 
to that in their “Die Fusarien” (1935). 

F usarium episphaeria (Tode) n. comb. Species 
characters and limits equivalent to the combined 
characterizations of Fusarium species in sections 
Eupionnotes and Macroconia, as used by Wollen- 
weber and Reinking (1935). 

Syn Fusarium aquaeductuum (Radik, et Rabh. 
pr. p.) Lagh. Wr. and Rg. (1935). 

F. aquaeductuum (Radik, et Rabh. pr. p.) 
Lagh. v. medium Wr. Wr. and Rg. (1935). 

F. buxicola Sacc. Wr. and Rg. (1935). 

F. cavispermum Cda. Wr. and Rg. (1935). 

F. dimerum Penz. Wr. and Rg. (1935). 


F. dimerum Penz. v. nectrioides Wr. Wr. and 
Rg. (1935). 

F. dimerum Penz. v. pusillum Wr. Wr. and 
Rg. (1935). 

F. dimerum Penz. v. violaceum Wr. Wr. and 
Rg. (1935). 

F. expansum Schlt. Wr. and Rg. (1935). 

F. flavum (Fr.) Wr. Wr. and Rg. (1935). 

F. gigas Speg. Wr. and Rg. (1935). 

F. melanochlorum (Casp.) Sacc. Wr. and Rg. 
(1935). 

F. merismoides Cda. Wr. and Rg. (1935). 

F. merismoides Cda. v. chlamydosporale Wr. 
Wr. and Rg. (1935). 

F. merismoides Cda. v. crassum Wr. Wr. and 
'Rg. (1935). 

F. sphaeria Fkl. Wr. and Rg. (1935). 
Fusarium episphaeria (Tode) Snyder et Hansen 
f. coccophila (Desm.) n. comb. 

Syn. Microcera coccophila Desm. 

Desmazieres (1848). 

Fusarium coccophilum (Desm.) Wr. et Rg. 
Wr. and Rg. (1935). 

Nectria episphaeria (Tode) emend. Characteriza- 
tion equivalent to that of the combined species of 
Nectria in sections Eupionnotes and Macroconia, 
as used by Wollenweber and Reinking (1935). 
Syn. Sphaeria episphaeria Tode. Tode (1791). 
Nectria desmazierii Becc. et DNtrs. Wr. and 
Rg. (1935). 

N. episphaeria (Tode) Fr. Wr. and Rg. 
(1935). 

N. episphaeria (Tode) Fr. v. coronata Wr. 
Wr. and Rg. (1935). 

N. flavo-viridis (Fkl.) Wr. Wr. and Rg. 

(1935). 

N. leptosphaeriae Niessl. Wr. and Rg. (1935). 
N. stilbosporae Tul. Wr. and Rg. (1935). 
Nectria episphaeria (Tode) Snyder et Hansen f. 
coccophila (Desm.) n. comb. 

Syn. N. coccophila (Tul.) Wr. et Rg. Wr. and 
Rg. (1935). 

Sphaerostilbe aurantiicola (B. et Br.) Petch. 
Petch (1922). . 

Fusarium nivale (Fr.) emend. Characterization 
the same as that of the combined species of 
Fusarium in section Arachnites, as used by Wol- 
lenweber and Reinking (1935). 

Syn. Lanosa nivalis Fr. pr. p. Fries (1825). 
Fusarium Icuhnii (Fkl.) Sacc. Wr. and Rg. 

(1935). N 

F. larvarum Fkl. Wr. and Rg. (1935). 

F. nivale (Fr.) Ces. pr. p. Wr. and Rg. 
(1935). 

F. nivale (Fr.) Ces. v. majus Wr. pr. p. Wr. 
and Rg. (1935). „ . 

Fusarium nivale (Fr.) Snyder et Hansen f. grami- 
nicola (Berk, et Brme.) n. comb. 

Syn. F. nivale (Fr.) Ces. pr. p. Wr. and Rg. 

(1935). „ r 

F. nivale (Fr.) Ces. v. Majus Wr. pr. p. Wr. 
and Rg. (1935). 
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Calonectria nivale (Fr.) emend. Characterization 
the same as that of the combined species of 
Calonectria in section Arachnites , as given by 
Wollenweber and Reinking (1935). 

Syn. Calonectria graminicola (Berk, et Brme.) 
Wr. pr. p. Wr. and Rg. (1935). 

C. graminicola (Berk, et Brme.) Wr. v. ne- 
glect a Krampe pr. p. Wr. and Rg. (1935). 
Calonectria nivale (Fr.) Snyder et Hansen f. 
graminicola (Berk, et Brme.) n. comb. 

Syn. Nectria graminicola (Berk, et Brme.) Berk, 
and Brme. (1859). 

Calonectria graminicola (Berk, et Brme.) Wr. 

pr. p. Wr. and Rg. (1935). 

C. graminicola (Berk, et Brme.) Wr. v. neglecta 
Krampe. pr. p. Wr. and Rg. (1935). 
Fusarium tricinctum (Cda.) emend. Characteri- 
zation is the same as that of the combined Fu- 
sarium species in section Sporotrichiella, as given 
by Wollenweber and Reinking (1935). 

Syn. Selenosporium tricinctum Sda. Cda. (1837). 
F. chlamydosporum Wr. et Rg. Wr. and Rg. 
(1935). 

F . poae (Pk.) Wr. pr. p. Wr. and Rg. (1935). 
F. tricinctum (Cda.) Sacc. Wr. and Rg. 
(1935). 

F. sporotrichioides Sherb. pr. p. Wr. and Rg. 
(1935). 

F. sporotrichioides Sherb. v. Minus Wr. Wr. 
and Rg. (1935). 

Fusarium tricinctum (Cda.) Snyder et Hansen f. 
poae (Pk.) n. comb. 

Syn. Sporototrichum poae Peck. Peck (1903). 
Fusarium poae (Peck) Wr. pr. p. Wr. and 
Rg. (1935). 

F. sporotrichioides Sherb. pr. p. Wr. and Rg. 
(1935). 

Fusarium roseum (Lk.) emend. Species charac- 
ters and limits the sum total of those given for 
sections 1 Roseum, Arthrosporiella, Gibbosum and 
Discolor, by Wollenweber and Reinking (1935). 
Syn. F. roseum Lk. Link (1809). 

F . anguioides Sherb. Wr. and Rg. (1935). 

F. arthrosporioides Sherb, Wr. and Rg. 
(1935). 

F. avenaceum (Fr.) Sacc. pr. p. Wr. and Rg. 
(1935). 

F. avenaceum (Fr.) Sacc. f. 1 Wr. et Rg. Wr. 
and Rg. (1935). 

F. avenaceum (Fr.) Sacc. v. pallens Wr. Wr. 
and Rg. (1935). 

F. avenaceum (Fr.) Sacc. v. volutum Wr. et 
Rg. Wr. and Rg. (1935). 

F. bactridioides Wr, Wr. and Rg. (1935). 

F. camptoceras Wr. et Rg, Wr. and Rg. 
(1935). 

F. concolor Rg. Wr. and Rg. (1935). 

F. culmorum (W.G.Sm.) Sacc. pr. p, Wr. and 
Rg. (1935). 

F . culmorum (W.G.Sm.) Sacc. v. cereale 
(Cke.) Wr. pr. p. Wr. and Rg. (1935). 

F. deTonianum Sacc. Wr. and Rg. (1935). 


F . diversisporum Sherb. Wr. and Rg. (1935). 
F. equiseti (Cda.) Sacc. pr. p. Wr. and Rg. 
(1935). 

F. equiseti (Cda.) Sacc. v. bullatum (Sherb.) 

Wr. Wr. and Rg. (1935). 

F. flocciferum Cda. pr. p. Wr. and Rg. (1935). 
F. graminearum Schwabe pr, p. Wr. and Rg. 
(1935). 

F . graminum Cda. Wr. and Rg. (1935). 

F. heterosporum Nees. Wr. and Rg. (1935). 
F . heterosporum Nees v. congoense Wr. Wr. 
and Rg. (1935). 

jF. macroceras Wr. et Rg. Wr, and Rg. (1935). 
F. reticulatum Mont. pr. p. Wr. and Rg. 
(1935). 

F. reticulatum Mont. f. 1 Wr. Wr. and Rg. 
(1935). 

F. reticulatum Mont. v. negundinis (Sherb.) 

Wr. Wr. and Rg. (1935). 

F. retusum Wellman. Wellman (1943). 

F. sambucinum Fkl. pr, p. Wr. and Rg, (1935). 
F. sambucinum Fkl. f. 1 Wr. Wr. and Rg. 
(1935). 

F. sambucinum Fkl. f. 2 Wr. Wr. and Rg. 
(1935). 

F. sambucinum Fkl. f. 4 Wr. Wr. and Rg. 
(1935). 

F. sambucinum Fkl. f. 5 Wr. Wr. and Rg. 
(1935). 

F. sambucinum Fkl. f. 6 Wr. Wr. and Rg. 
(1935). 

F. sambucinum Fkl. 1. minus Wr. Wr. and 
Rg. (1935). 

F. scirpi Lamb, et Fautr. pr. p. Wr. and Rg. 
(1935). 

F. scirpi Lamb, et Fautr. v. acuminatum (Ell. 

et Ev.) Wr. pr. p. Wr. and Rg. (1935). 

F. scirpi Lamb, et Fautr. v. caudatum Wr. 
Wr. and Rg. (1935). 

F. scirpi Lamb, et Fautr. v. compactum Wr. 
Wr. and Rg. (1935). 

F. scirpi Lamb, et Fautr. v. filiferum (Preuss.) 

Wr. Wr. and Rg. (1935). 

F. scirpi Lamb, et Fautr. v. longipes (Wr. et 
Rg.) Wr. Wr. and Rg, (1935). 

F. semitectum Berk, et Rav. Wr. and Rg. 
(1935). 

F. semitectum Berk, et Rav. v. majus Wr. 

Wr. and Rg. (1935). 

F. sublunatum Rg. Wr. and Rg. (1935). 

F. sublunatum Rg. v. elongatum Rg. Wr. and 
Rg. (1935). 

F. tumidum Sherb. Wr. and Rg. (1935). 

F. tumidum Sherb. v. humi Rg. Wr. and Rg. 
(1935). 

F. trichothecioides Wr. Wr. and Rg. (1935). 
Fusarium roseum (Lk.) Snyder et Hansen f. 
cerealis (Cke.) n. comb. 

Syn. Fusisporium cerealis Cke. Cooke (1878). 
Fusarium avenaceum (Ft.) Sacc. pr. p. Wr. 
and Rg. (1935). 
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F. cuhnorum (W.G.Sm.) Sacc. pr* p* an< ^ 
Rg. (1935). . , 

F. cuhnorum (W.G.Sm.) Sacc. v. cerea e 

(Cke.) Wr. Wr. and Rg. ( 1933 )- „ 

F. graminearum Schwabe pr. p. Wr. and Rg. 

F.iljSeii (Cda.) Sacc. pr. p^ Bennett (1935). 

F. flocciferum Cda. pr. p. Oswald ( 1942 )* 

F. graminearum Schwabe pr. p. ^ r. an g* 

F. i reticulatum Mont. pr. p. Oswald (1942) 

F. sambucinum Fkl. pr. p. Bennett (1935). 

F. scirpi Lamb, et Fautr. pr. p. Wr. and Rg. 

F. ^scirpi Lamb, et Fautr. v. acuminata (Ell. 
et Ev.) Wr. pr. p. Gordon and Sprague 
(1941). 

Gibberella roseuro (Lk.) n. comb. Species charac- 
ters and limits represented by combined descrip- 
tions of the Gibberella fungi given in sections 
Gibbosum and Discolor by Wollenweber and 
Reinking (1935). 

Syn. G accuminata Wr. Wr. and Rg. O 933 )- 
' G. cyanea (Sollm.) Wr. Wr. and Rg. (1935). 
G. heterochroma Wr. Wr. and Rg. (1935). 

G. intricans Wr. Wr. and Rg. (1935). 

G. pulicaris (Fr.) Sacc. Wr. and Rg. (1935). 
G. pulicaris (Fr.) Sacc. v. minor Wr. Wr. 
and Rg. (1935). 

G. saubinetii (Mont.) Sacc. pr. p. Mr. and 
Rg. (1935). 

G. zeae (Schw.) Petch pr. p. Petcli (1936). 
Gibberella roseum (Lk.) Snyder et Hansen f. 
cerealis (Cke.) n. comb. 

Syn. G. saubinetii (Mont.) Sacc. pr. p. Wr. and 
R. (1935). 

G. zeae (Schw.) Petch pr. p. Petch (1936). 
Fusarium lateritium (Nees) emend. Characteri- 
zation same as that given for all species in sec- 
tion Lateritium by Wollenweber and Reinking 
(1935). 

Syn. F. lateritium Nees. Nees (1817), Wr. and 
Rg. (1935). 

F. lateritium Nees v. longum Wr. Wr. and 
Rg. (1935). 

F. lateritium Nees v. majus Wr. Wr. and Rg. 
(1935). 

F. lateritium Nees v. minus Wr. Wr. and Rg. 
(1935). 

F. lateritium Nees v. mori Desm. Wr. and 
Rg. (1935). 

F. lateritium Nees v. uncinatum Wr. Wr. and 
Rg. (1935). 

F. sarcochroum (Desm.) Sacc. Wr. and Rg. 
(1935). 

F. stilboides Wr. Wr. and Rg. (1935). 
Gibberella lateritium (Nees) n. comb. Species 
characters and limits represented by combined 
descriptions of Gibberella fungi in section Late- 
ritium as given by Wollenweber and Reinking 
(1935). 


Syn. G. baccata (Wallr.) Sacc. Wr. and Rg. 
(1935). 

G. baccata (Wallr.) Sacc. v. major Wr. Wr. 
and Rg. (1935). 

G. baccata (Wallr.) Sacc. v. momcola (DNtrs) 

Wr. Wr. and Rg. (1935). 

G. pseudopulicaris Wr. Wr. and Rg. (1935). 
Fusarium moniliforme (Sheld.) emend. Charac- 
terization same as that of the combined species 
in section Liseola as used by Wollenweber and 
Reinking (1935). 

Syn. F. moniliforme Sheld. Sheldon (1904), Wr.. 
and Rg. (1935). 

F. lactis Pir. et Rib. Wr. and Rg. (1935). 

F. moniliforme Sheld. v. anthophilum (A. Br.) 

Wr. Wr. and Rg. (1935). 

F. moniliforme Sheld. v. minus Wr. Wr. and 
Rg. (1935). 

F. moniliforme Sheld. v. subglutinans Wr. et 
Rg. Wr. and Rg. (1935). 

F. neoceras Wr. et Rg. Wr. and Rg. (1935). 
Gibberella moniliforme (Sheld.) emend. Charac- 
terization same as combined descriptions of all 
Gibberella fungi in section Liseola as given by 
Wollenweber and Reinking (1935). 

Syn. G. fujikuroi (Saw.) Wr. Wr. and Rg. 
(1935). 

G. fujikuroi (Saw.) Wr. v. subglutinans Edw. 
Wr. and Rg. (1935). 

G. moniliformis (Sheld.) Wineland. Mine- 
land (1924), Mr. and Rg. (1935). 

Doubtful Species 

Fusarium rigidiuscula (Brick) n. comb. 

Syn. F. decemcellulare Brick. Brick (1908), 
Wr. and Rg. (1935). 

Calonectria rigidiuscula (Berk, et Brme.) Sacc. 
Wr. and Rg. (1935). 

Fusarium ciliatum (Lk.) emend. Characteriza- 
tion is that of the combined species of Fusarium 
in sections Microcera and Pseudomicrocera, as 
given by Wollenweber and Reinking (1935). 

Syn Atracticum ciliatum Lk. pr. p. Link (1816). 
Fusarium ciliatum Lk. Wr. and Rg. (1935). 
F. cerasi Roll, et Ferry. Wr. and Rg. (1935). 
F. juruanum P. Henn. Wr. and Rg. (1935). 
F. orthoconium Wr. Wr. and Rg. (1935). 
Calonectria ciliatum (Lk.) n. comb. Characters 
represented by the combined descriptions ot 
Calonectria stages in sections Microcera and 
Pseudomicrocera, as used by Wollenweber and 
Reinking (1935). 

Syn. C. decora (Wallr.) Sacc. Wr. and Rg. 
(1935). , „ 

C. diploa (Berk, et Curt.) Wr. Wr. and Rg. 
(1935). 

Discussion. — Revision of the taxonomy and no 
menclature of the genus Fusarium completed in this 
paper was undertaken primarily from the practical 
standpoint of applied mycology. The writers and 
others (largely plant pathologists) who have ire- 
quent occasion to diagnose Fusarium diseases long 
have felt the need for simplification in Fusarium 
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classification. “Die Fusarien” (of Wollenweber and 
Reinking, 1935) contributed immensely to the con- 
venience of the worker by bringing together in one 
place, under exceptional, detailed organization, an 
enormous amount of scattered information. It has 
not, however, provided the plant pathologist with 
a sufficiently usable taxonomic system for the iden- 
tification of the 65 species, 56 varieties and 22 
forms, totaling 143 Fusaria, distinguished within 
the genus in that volume. Although retaining much 
of the basic organization of these fungi employed 
by Wollenweber and Reinking, the writers distin- 
guish altogether only eight species, no varieties, 
and 34 forms (mostly in F . oxysporum ), totaling 
42 Fusaria. In addition, two doubtful species are 
listed. In this system, therefore, the investigator 
who wishes to identify an isolate of Fusarium has 
eight morphologically distinct unit groupings (spe- 
cies) to consider instead of the former 121 mor- 
phological groupings (species and varieties). The 
34 forms are determined solely upon distinctive 
pathogenesis and not by morphological or cultural 
characters. 

The writers are fully aware that their system 
presents its difficulties. There will always be ques- 
tions concerning the placement of border-line spe- 
cies and of variants. Perhaps the principal benefit 
the system provides, if no other, lies in the great 
reduction in the number of species border-lines 
obtained, by broadening the species retained. Natu- 
rally this will serve to reduce the frequency with 
which border-line questions arise. Later work may 
show that the writers have been a bit conservative 
in their reduction of the number of species, and that 
a more satisfactory handling of the Fusaria may 
require that the eight species now retained be fur- 
ther reduced. 

Inevitably questions have arisen during these 
studies concerning the classification of the ascus 
stages, insofar as they have been seen. The Fusaria 
are known to be represented in four ascomycetous 
genera, namely Calonectria, Gibberella, Hypomyces 
and Nectria. The first two genera have one to three 
septate ascospores and are distinguished from each 
other principally by perithecial color. The last two 
genera have 1 -septate ascospores and usually the 
same perithecial color, but are held to differ from 
each other in some uncertain characteristic of the 
supporting stromata. The retention of both Calo - 
nectria and Gibberella on the basis of a pigment 
difference has been questioned before. Bennett 
(1933) has obtained perithecia of F. nivale which 
were blue-black in color, a character which could 
place them in Gibberella instead of in Calonectria. 
Likewise, the distinction between Hypomyces and 
Nectria seems uncertain. The writers believe that a 
study of these four genera will result in their re- 
duction to two, differentiated perhaps on the basis 
of ascospore characters only, perithecial color being 
disregarded. 

In regard to the species of these four perfect 
genera, it is notable that, upon the basis of mor- 


phology alone, it would be difficult to distinguish 
with certainty, for example, between the ascigerous 
stages of any of the Calonectria or Gibberella spe- 
cies which have been described by Wollenweber 
and Reinking in “Die Fusarien.” Certainly these 
facts illustrate forcibly that a fungus bearing an 
ascigerous stage must be known in all its conidial 
stages (if it produces such) in order to be properly 
classified, and that the presence of the ascus stage 
alone may not permit its identification to species in 
the Ascomycetes any more correctly than would the 
knowledge of one phase of its imperfect stage (mi- 
croconidia or macroconidia, alone) permit its cor- 
rect placement in the Fungi Imperfecti. 

The basis for the revision in Fusarium reported 
here is knowledge gained experimentally by single 
spore cultures of the variability existing in mem- 
bers of the genus. This knowledge of variability is, 
of course, only partial, in that one can never hope 
to learn precisely the exact limits or range of such 
variability. Therefore, although the foundation for 
establishing species limits must be gained from a 
study of variability of the fungi concerned, its ap- 
plication necessarily involves interpretation and 
judgment on the part of the investigator. For this 
reason, if for no other, taxonomic systems will 
never remain fixed. Moreover, as new information 
is gained in biology, it is bound to influence our 
classification of biologic units. Indeed, it has now 
become apparent that the systems of classification 
available for many fungi have been outmoded as a 
result of recent research, and that these systems in 
turn also must be revised, as have been the Fusaria, 
if taxonomy is to serve the worker rather than to 
obstruct him. j 

Summary of species and forms in the genus 
Fusarium and in their ascigerous genera 

Fusarium episphaeria: Nectria episphaeria 
F. episphaeria f . coccophila: 

N, episphaeria f. coccophila 

F. tricinctum 

F. tricinctum f . poae ■ j 

F. nivale : Calonectria nivale 

F. nivale /. graminicola : j 

C. nivale f. graminicola | 

F. roseum : Gibberella roseum j 

F, roseum f. cerealis ; G. roseum f. cerealis ' ;j 

F.lateritium: GAateritium J 

F. moniliforme : G. moniliforme j 

F . oxysporum ( 

F. oxysporum /. (see 1940 paper) 

F. solani : Hypomyces solani 

F. solani f . (see 1941 paper) : j 

H. solani /. (see 1941 paper) 

’ ! 

Doubtful Species 1 

F.ciliatum : Calonectria ciliatum 

F. rigidiuscula : C. rigidiuscula j 

Division of Plant Pathology, | 

University of .California, . 

Berkeley, California \ 
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AUXIN AND NITROGEN RELATIONSHIPS IN GREEN PLANTS 
George S. Avery, Jr., and Louise Pottorf 


It was shown in a previous study that auxin is 
scarcely detectable in the stem tips of nitrogen- 
starved plants. An increased nitrate supply in the 
nutrient solution, however, resulted in increased 
auxin content of the stem-tip tissues (Avery, Burk- 
holder and Creighton, 1937). This earlier work was 
carried out before auxin extraction techniques had 
been studied to any extent, and the present report 
is possible only because of a newly developed method 
for total extraction of auxin from certain Cruciferae 
(Avery, Berger and White, 1945). There is a gen- 
eral agreement between the old and the new results, 

1 Received for publication August 25, 1945. Work car- 
ried out at Connecticut College. 


and the work presented here extends the biochemical 
side of our knowledge of this problem. 

One objective of this study was to determine 
whether the relative amount of nitrate supplied to 
growing plants significantly and directly influences 
the total auxin extractable from its tissues. A second 
objective was to determine whether any correlation 
exists between the auxin and nitrogen content of 
tissues. 

Materials and methods. — Kohlrabi seedlings 
( Brassica caulorapa Pasq.) were grown in soil in 
the greenhouse until they were approximately 15 
cm. high. After carefully washing the roots free of 
soil, they were transplanted to glazed crocks con- 
taining pure quartz sand. From this stage until har- 
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vest, six to nine weeks later, all necessary elements 
were supplied in known nutrient solutions in which 
the nitrogen content was varied. The solutions cor- 
responded to 4.0, 1.0, 0.1, 0.01 and 0.00 in the nitro- 
gen series used by Avery, Burkholder and Creighton 
in a previous study (1937). 

During the first five weeks in which the plants 
were grown in the above solutions, decided differ- 
ences in size and relative vigor became apparent. 
Those which were grown in the 4.0 nitrogen solution 
were not significantly different in size from those 
grown in 1.0 nitrogen. However, abnormal intumes- 
cence-like growths appeared on the older leaves, 
possibly indicating a toxic condition resulting from 
an over supply of nitrogen. In some instances the 
characteristic kohlrabi stem enlargement commenced 
prior to harvesting. This enlargement was slightly 
more pronounced in plants grown in the 4.0 nitrogen 
solution, as compared to those grown in 1.0 nitrogen. 
The remaining three groups of plants, supplied with 
successively less, and no nitrogen, were significantly 
smaller than those receiving 4.0 and 1.0 nitrogen; 
the characteristic stem enlargement failed to occur 
in any of these. All were clearly “starved, ” but those 
grown in 0.01 nitrogen, and in no nitrogen, were the 
smallest and did not differ appreciably in size or 
appearance from each other. Leaf color varied from 
medium to bright green in the three groups of plants 
which received the most nitrogen; those receiving 
0.01 nitrogen, or less, were dull yellowish to grayish- 
green, indicating nitrogen deficiency. Stem color was 
green in all plants except those grown in 0.01 and 
no nitrogen; the stems of these were purple. The 
plant's grown in 1.0 nitrogen solution were equiva- 
lent in color and growth vigor to those grown in good 
soil. 

It was not possible to secure leaves of equal size 
from plants grown in the different nutrient solutions 
because the rate and extent of growth varied with 
the relative amount of nitrogen supplied. Hence, in 
selecting leaves from plants grown in the different 
nutrient cultures, care was taken to choose those 
which corresponded in age as nearly as possible. 
Leaves from plants supplied with the highest con- 
centration of nitrogen were dried first, and those 
supplied successively less nitrogen followed. The 
growing points from all series were dried at the same 
time. The actual drying of most samples was accom- 
plished in three to five days, at low temperature and 
pressure, in an apparatus described by Hays and 
Koch (1942). Each lot of tissue, when dry, was 
ground with mortar and pestle and placed in a vacu- 
um desiccator ; it was then stored in darkness at room 
temperature until used. 

To extract the auxin, the dried, finely ground tis- 
sue was autoclaved in 1 N NaOH for 30 minutes at 
120°C., according to the method of Avery, Berger 
and White (1945). The autoclaved tissue suspension 
was then centrifuged; the clear supernatant liquid 
thus obtained was pipetted off, adjusted to approxi- 
mately pH 6 with hydrochloric acid, and made up 
in a series of dilutions for auxin assay. Skoog’s de- 


seeded Avena method was used for auxin determina- 
tions (cf. Avery, Creighton and Hock, 1939), and 
all computations of yield were made from Avena 
curvatures in the proportionality range. All results 
are expressed in “TDC” per gram dry weight of 
tissue; 100,000 TDC are equivalent to approximate- 
ly one microgram of 3-indoleacetic acid (Avery, 
Berger and Shalucha, 1941). 

The auxin yields for kohlrabi as reported here are 
regarded as the total auxin extractable from the 
tissues. “Total auxin” has been defined as the “free” 
or water soluble auxin plus the “precursor” (cf. 
Avery, Berger and Shalucha, 1941). The term “pre- 
cursor” is used here as in preceding papers to desig- 
nate a compound which is physiologically inactive in 
the Avena test until converted to auxin by suitable 
treatment, such as alkaline or acid hydrolysis. Total 
auxin in green tissues of Cruciferae is generally 20 
to 30 per cent free auxin and 70 to 80 per cent pre- 
cursor (Avery, Berger and Shalucha). 

Results. — Chech on methods. — In order to ob- 
tain maximum yields of total auxin, various means 
were tested for converting precursor to auxin. First, 
various lengths of time for autoclaving were tried: 
Autoclaving for periods of 15 minutes, 30 minutes, 
one hour, two hours, four hours and over-night (12 
to 14 hours) confirmed the observations of Avery, 
Berger and White (1945), namely, that consistent 
results in the proportionality range were readily 
obtainable when the length of heat treatment was 
30 minutes. 

To determine the effect of strength of alkali on 
auxin extraction, various lots of tissue were auto- 
claved in concentrations of NaOH ranging from 0.1 
to 1 N. Measurable results in the Avena test, i.e., 
those in the proportionality range, were obtained 
only when 1 N NaOH was employed, A consider- 
ably smaller yield was obtained when 0.1 N NaOH 
was used, even if the time of autoclaving was ex- 
tended to one and one-half hours ; shorter periods 
of autoclaving gave very small auxin yields. 

To determine the effect of storage on the dried 
tissue (in a vacuum desiccator in darkness at room 
temperature), tests were repeated six months after 
the tissue had been dried. There was no evidence of 
deterioration in that length of time. 

Auxin yield in relation to amount of nitrogen sup- 
plied in the nutrient solutions. — Within certain lim- 
its of nitrate supply in the nutrient solution, auxin 
yields from leaves of kohlrabi plants are propor- 
tional (table 1). Thus, between 1.0, 0.1 and 0.01, 
there are ten-fold differences in nitrate concentra- 
tion in the nutrient solutions, and approximately 
four-fold differences in auxin content of the leaves 
of plants grown therein; auxin concentration in 
leaves, therefore, is clearly related to the nitrogen 
supply. An oversupply of nitrogen in the nutrient 
does not further increase the auxin content of the 
tissues — leaves of 4.0 and 1.0 nitrogen plants, for 
example, possess about the same amount of extract- 
able auxin. 

Stem tips of the 4.0 and 1.0 nitrogen groups con- 
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Table 1 Auxin yield from leaves and stem tips of kohlrabi , as related to the amount of nitrogen supplied in the nutri- 
ent. All auxin yield data are expressed in TDG ( total degrees curvature in deseeded Avena test plants ); 100,000 
TDG equal approximately 1 microgram of indoleacetic acid. 


Relative amounts 
of nitrogen 
supplied in 
nutrient solution 
to the growing 
plants 


Large (old) leaves 


Number of 
tests 


Stem tips 


Auxin yield in 
millions of 
TDC/gm. 
dry weight 
(average of 
all tests) 

Control : 
Avena curva- 
ture for 
indoleacetic 
acid (10 micro- 
grams per liter) 

Number of 
tests 

Auxin yield in 
millions of 
TDC/gm. 
dry weight 
(average of 
all tests) 

Control: 
Avena curva- 
ture for 
indoleacetic 
acid (10 micro- 
grams per liter) 

9.7 

6. 7° 

4 

51 

6.2° 

10.0 

6.2° 

3 

55 

6.2° 

2.9 

6.5° 

5 

43 a 

6.3° 

0.8 

6.5° 

3 

45 

6.5° 

i.i 

6.3° 

5 

23 

5.6° 


a Consistently poor proportionality in five different tests, even though dilutions were clearly in the “proportionality 
range.” 


tain about the same amount of auxin; stem tips of 
plants receiving 0.1 and 0.01 nitrogen, however, are 
but slightly lower in auxin than those from 1.0 nitro- 
gen plants. Stem tips of plants from the “no” nitro- 
gen group yield about half as much extractable auxin 
as those from plants receiving ample nitrogen for 
normal growth. 

Thus, the trend is the same in both leaves and stem 
tips* but it is much less marked in the latter. This is 
to be expected since the stem tip tends to mobilize 
all the nitrogen available in the plant, and only in 
the case of extreme nitrogen deficiency is there a 
decided drop in auxin production in stem tips. Leaves 
of plants require ten times as much nitrogen (as stem 
tips) in the nutrient solution before it is clearly re- 
flected in increased auxin production. 

Auxin yield in relation to nitrogen content of the 
tissue . — Both soluble and total nitrogen determina- 
tions were carried out in the Microchemical Labora- 
tory of the California Institute of Technology, 
through the courtesy of Dr. A. J. Haagen-Smit. 
There was insufficient tissue of several of the leaf 
samples, so only stem tips were used for nitrogen 
determinations. The data are summarized in table 2. 

There is no significant difference in the total nitro- 
gen content of the stem tissues of plants grown with 
“no nitrogen” and “0.01 nitrogen” in the culture 
nutrient. Both are obviously deficient, yet the small 
amount of nitrogen present in the 0.01 nutrient is 
responsible for an increase in soluble nitrogen in 
the plant tissue. This increase in soluble nitrogen 
amounts to approximately 50 per cent, but the auxin 
increase is 100 per cent over “no nitrogen” ! With a 


further ten-fold increase in nutrient nitrogen there 
is a very marked increase in both soluble and total 
nitrogen in the plant tissue, but the corresponding 
increase in auxin is slight. This means that the criti- 
cal range of nitrate concentration in the nutrient 
solution, as far as auxin production by the plant is 
concerned, is between 0.01 and no nitrogen (tables 
1, 2). Thus, the plant produces auxin on much less 
nitrogen than it takes to affect growth visibly. 

Discussion. — The fact that auxin was scarcely 
detectable in the stem tips of nitrogen-starved Nico- 
tiana and Helianthus plants (Avery, Burkholder 
and Creighton, 1937), yet is abundantly available 
in similarly starved stem tips of kohlrabi in the 
present study, is undoubtedly attributable to the 
methods employed. The “diffusion” method of the 
earlier studies removes only a small amount of the 
free auxin, whereas the extraction technique re- 
moves all the auxin and auxin precursor. Auxin pre- 
cursor is not auxin, yet in the economy of the plant 
it constitutes the major share of the total potential 
auxin. Whether the precursor (defined earlier in 
this paper) might act as an auxin in plants other 
than Avena , remains to be demonstrated. 

It should be pointed out here, as in the earlier 
study, that auxin concentration varies directly with 
growth vigor, and that both may be controlled to a 
greater or less extent by varying the nitrogen sup- 
ply. There is a low point in nitrogen supply, how- 
ever, where auxin production occurs, but without an 
accompanying growth response; moreover, under 
low nitrogen nutrition (0.01) auxin production oc~ 


Table 2. Nitrogen content of tissues from stem tips of sand-cultured plants which received widely different amounts of 

nitrates in the nutrient solutions. 




Nitrogen series 



4.0 N 

1.0 N 

0.01 N 

No nitrogen 

Auxin content in millions of TDC/gm. dry weight (data from table 1) 

51 

55 

45 

23 

Soluble nitrogen in per cent, on dry weight basis 

2.02 

1.83 

0.74 

0.54 

Total nitrogen in per cent, on dry weight basis 

7.53 

7.45 

2.37 

2.81 
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curs before there is any appreciable accumulation 

of total nitrogen in the plant. ' . . 

As regards auxin content of tissue m relation to 
total nitrogen, it is of interest to recall the work of 
Riker (1939), who reported that although the auxin 
content of tomato crowngall tissue was higher than 
that of normal tomato tissue, there was no significant 
difference when auxin was expressed m terms ot 
total nitrogen in the two. The same observation holds 
in a general way in this study, hut is of particular 
interest when concentrations of soluble nitrogen are 
very low in the tissue. With increase in nitrate in 
the nutrient solution, the soluble nitrogen is the 
first to increase in the plant, and accompanying it 
is a marked increase in auxin. 

SUMMARY 

Leaves and growing points of kohlrabi plants 
o-rown at different levels of nitrogen nutrition were 
assayed for their total extractable auxin, which is a 
procedure made possible by a recently developed 
method for rapid and total extraction from green 

^The^auxin plus auxin precursor in kohlrabi leaves 

is (within certain limits) dependent upon the amount 

of nitrate supplied in the nutrient solution. Normal 
or high nitrate nutrition results in total auxin con- 
tent of leaves approximately ten times that of nitro- 
gen-starved plants. 

As compared with leaves, the stem tips of kohl- 
rabi show but little variation in extractable auxin; 
normal or high nitrate nutrition results in an auxin 
content only two times that of nitrogen-starved 
plants. 


Stem tips of plants with adequate nitrogen nutri- 
tion contain approximately five times as much auxin 

as the leaves of such plants. 

Soluble and total nitrogen determinations on kohl- 
rabi stem tips show a rough correlation between the 
concentration of auxin and nitrogen in the tissue, 
i.e., the results suggest that within certain limits 
there is no significant difference in auxin yield when 
expressed in terms of nitrogen content of tissue. 

The critical range of nitrate concentration in the 
nutrient solutions, as far as auxin production by the 
plant is concerned, is between “0.01 and no nitro- 
gen ” The plant produces auxin on much less mtro- 
gen than it takes to affect growth visibly. 

Brooklyn Botakic Garbed, 

Brooklyn 25, New York 

LITERATURE CITED 

Avery G. S., Jr., J- Berger, and B. Shalucha. 1941. 
The total extraction of free auxin and a “ n 'P re fi C " rSOr 
from plant tissue. Amer. Jour. Bot. 38 ! ^ 6_60 ^ 

AND R. 0. White. 1945. Rapid total ex- 
traction of auxin from green plant tissue. Amer. 
Jour. Bot. 32:188-191. 

p r, Burkholder, and H. B. Creighton. . 

Nutrient deficiencies and growth hormone concentra- 
tion in H elianthus and Nicotiana. Amer. Jour. Bot. 
24 : 553— 557 . 

. H. B. Creighton, and C. Hock. 

chamber for phytohormone tests. 

26:360-365. 

Hays, E. E, and F. C. Koch. 1943. 

vacuum drying in the frozen state. — -- 

Riker A J. 1939. Growth substances in relation to crown 
gall Rept. Proc. 3rd Intern. Congr. Microbiol. 1939: 
546-548. 


1939. 

Amer, 


A low cost 
Jour. Bot. 


An apparatus for 
Science 95 : 633. 


POLYPLOIDY, AUXIN AND NITROGEN IN GREEN PLANT TISSUE 1 
George S. Avery, Jr., and Louise Pottorf 


The object of this study was to determine 
whether there is a significant difference int 
amount of auxin extractable from diploid and tetra- 
ploid cabbage, hence, whether auxin content may be 
related to polyploidy. Earlier, and quite preliminary 
S5L&. emploU diploid .nd W..pl M 
kernels, failed to reveal any evidence o£ * 
shin between polyploidy and auxin content (Avery, 
Berger arid Shalucha, 1942) ; the present more ex- 
tensive study of green tissues shows the mote vigor 
ouT tetr aploids to be significantly lower in auxin. 
Seeds of diploid and tetraploid cabbage were 

tained through the courtesy of Dr Earl U New 
comer of the University of North Caroling Th 
narent seed was Brassica oleracea var. capitataoi 
the “Hollander” strain, originally obtained from the 
Ferry Morse Seed Company. The tetraploid line was 
produced by colchicine treatment as describe y 

N XheTIdlT.*.' pl„«d in soil, *. the young 
i Received for publication August 25, 1945. 


seedlings were allowed to remain until they were 
approximately 12 to 15 centimeters high. At this 
stage they were transplanted to glazed crocks of 
pure quartz sand and watered with a u nu ri en 
solution (Avery, Burkholder and Creighton, 1937) 
until 1 time of hive... The te.t.ploid c«hb«« 
more vigorous from the start of germmatiom lt 
developed more rapidly than the diploid when both 
were grown under the above conditions, and it had 
both more and larger leaves at the time the experi- 
merit was terminated. 

The growth period was brought to a close when 
the plants were beginning to form heads, approxi- 
mately two months after the seeds were sown Leaves 
of medium size were removed from each plant and 
dried at low temperature and pressure in an appara- 
tus described by Hays and Koch (1942) ; stem grow- 
ing points with a few young leaves were then ® x ' 
cised and dried. The actual drying time for each lot 
of tissue was from three to five days. Diploid leaves 
were dried before tetraploid; the stem tips of both 
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Table 1 . Auxin and nitrogen a determinations on leaves and stem, tips of diploid and tetraploid cabbage . 


Plant material 
assayed 

Number 
of tests 

Auxin yield in 
millions 
of TDC/gm. 
dry weight 

Control : 

A vena curva- 
ture for 
indoleacetic 
acid (lOraicro- 
grams/liter) 

Total 
nitrogen 
in per 
cent (dry 
weight basis ) 

Soluble 
nitrogen 
in per cent 
(dry weight 
basis) 

Diploid leaves 

5 

18.5 

10.9° 

3.35 

0.25 

Tetraploid leaves 

6 

6.8 

8.9° 

3.77 

0.74 

Diploid stem tips 

4 

240 

9.6° 

5.01 

, t) 

Tetraploid stem tips 

5 

143 

9.5° 

5.56 

1.07 


a Nitrogen determinations carried out in the Microchemical Laboratory of the California Institute of Technology. 
b Insufficient tissue for soluble nitrogen determination. 


were dried simultaneously. In each case the dry 
weight was approximately ten per cent of the fresh 
weight of the tissue. Each lot of tissue, when dry, 
was ground with mortar and pestle and stored at 
room temperature in darkness in a vacuum desic- 
cator. The tissue samples were obtained from 16 
diploid and 86 tetraploid plants. 

The method of extracting auxin and auxin pre- 
cursor from the dried finely ground tissue of cabbage 
was identical with that described in the immediately 
preceding paper in this issue of the American Jour- 
nal of Botany. The assay methods, expression of 
yields, etc., are likewise the same as in the preceding 
paper. The auxin yields as reported here are re- 
garded as the total auxin and auxin precursor ex- 
tractable. 

Results. — Auxin yield from diploid and tetra- 
ploid cabbage. — In preparation for extraction, all 
samples of tissue in alkali were made up for heat 
treatment by suspending 40 mg. of dried tissue in 
1 gm. of 1 N sodium hydroxide ; thus, TDC are based 
on 1:25 dilution. In all instances the diploid cab- 
bage gave higher auxin yields than the tetraploid 
(table 1). 

It may be seen that leaves of the diploid cabbage 
give an auxin yield more than twice that of the 
tetraploid leaves, per unit dry weight; the auxin 
yield from stem tips of diploid plants is almost twice 
that of the tetraploids. 

Auxin yield in relation to nitrogen content of tis- 
sue. — Total nitrogen is somewhat lower in diploid 
than in tetraploid leaves, yet auxin content is more 
than double that of the tetraploid. Soluble nitrogen 
also bears an inverse relationship to auxin content. 
Furthermore, total nitrogen is lower in diploid than 
in tetraploid stem tips, and here again, lower nitro- 
gen is accompanied by distinctly higher auxin con- 
tent. These results are the converse of those reported 
in the preceding paper — where one genetic line of 
kohlrabi was grown under varying conditions of 
nitrogen nutrition. 

Discussion. — In the preceding study there was 
evidence to indicate a direct relationship between 
the auxin and nitrogen content of tissues (Avery 
andLPottoxf, .1945), That study was made on a single 
variety of kohlrabi, and the only factor varied in 


the experiment was the nitrate in the nutrient solu- 
tion in which the plants were grown. 

In the present study, there was genetic variation 
in the experimental material (diploid vs. tetraploid 
plants of cabbage), but the nutrient solution was the 
same throughout. Thus, the fact that auxin content 
of the diploid tissue is considerably higher than that 
of the tetraploid, while nitrogen content is about the 
same for both, indicates a definite relationship be- 
tween polyploidy and auxin content of cabbage — 
which is not associated with nitrogen. 

Gustafson (1944) has reported that tetraploid 
marigolds are lower in auxin content than the dip- 
loids, though his data leave much to be desired. 

Barr and Newcomer (1948) found tetraploid cab- 
bage lower in soluble nitrogen than the diploid, the 
opposite of the findings in this study. 

SUMMARY 

Leaves and stem tips (with very young leaves) of 
diploid and tetraploid green cabbage were assayed 
for their total extractable auxin and auxin precursor, 
a procedure made possible by a recently developed 
method for rapid and total extraction from green 
plant tissue. Stem tips contain 14 to 20 times as 
much auxin as the leaves, per gram dry weight of 
tissue, and diploids yield two or three times as much 
auxin as the tetraploids. 

Nitrogen determinations on leaves and stem tips 
show little difference between diploids and tetra- 
ploids, thus the wide differences in auxin content of 
diploid and tetraploid cabbage are not related to 
nitrogen in the tissue. 

Brooklyn Botanic Garden, 

Brooklyn, New York 
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NEUROSPORA. I. PRELIMINARY OBSERVATIONS OF THE CHROMOSOMES 

OF NEUROSPORA CRASSA 1 

Barbara McClintock 


The present report on the chromosomes of Neu- 
rospora crassa represents the results of observations 
which were confined to a period of ten weeks in the 
biological laboratories of Stanford University. The 
purpose of this study was to obtain some knowledge 
of nuclear and chromosome behavior in normal and 
mutant strains. The author realizes that no single 
phase of these investigations could be adequately 
studied in so short a period of time. Because of the 
interest in Neurospora as genetic material, a sum- 
mary of some of these observations will be given at 
this time. 1 

The observations were confined to the nuclei and 
chromosomes in the ascus, from fertilization to spore 
formation. Union of two haploid nuclei occurs in the 
young ascus. This is followed by a simultaneous 
enlargement of the ascus and fusion nucleus. During 
this growth period, the chromosomes in the fusion 
nucleus enter into meiotic prophase activities, in- 
cluding homologous association of chromosomes, 
elongation of chromosomes, chiasmata formation and 
contraction until typical metaphase I bivalents are 
produced. Although the consequences of this meiotic 
prophase activity are essentially similar to those 
observed in many other organisms, the timing of 
chromosome synapsis and elongation is dissimilar 
and is of some theoretical interest. The two meiotic 
mitoses follow in rapid succession leading to the 
formation of four haploid nuclei. In essential details 
and accomplishments, the chromosome and nuclear 
behavior in these two divisions is typical of meiosis 
in general. Particular details, however, are of inter- 
est to the cytologist. Each of the four haploid nuclei 
in the now greatly enlarged ascus undergoes a typi- 
cal equational mitosis resulting in a row of eight 
haploid nuclei. Associated with each nucleus is a 
centriole which has become greatly enlarged during 
the meiotic and first post-meiotic mitoses. Fibers 
emerging from each centriole extend and encircle 
the cytoplasm surrounding each nucleus. This proc- 
ess initiates wall formation and the cutting out of 

1 Received for publication August 38, 1945. 

The author wishes to express appreciation to Dr. G. W. 
Beadle for presenting the opportunity for these studies 
and for the many kindnesses he has shown. Much credit 
should be given to Mrs. Mary B. Houlahan, Dr. Herschel 
K. Mitchell and Dr. Lotti Steinitz for their interest and 
collaboration in the chromosome studies, in selecting and 
supplying the mutant and wild-type strains and for vari- 
ous helpful suggestions regarding techniques. 


eight independent ascospores. Shortly after the 
spore walls are differentiated, the nucleus in each 
spore undergoes an equational mitosis. The asco- 
spore continues to maturity with the two resulting 
nuclei. 

Methods. — Approximately seven days (at 25 °C.) 
after inoculation of an agar slant with the two sex 
strains, A and a, perithecia were present containing 
numerous asci in various stages of pre-fertilization, 
fertilization, meiosis and spore formation and de- 
velopment. These perithecia were removed from the 
slant and placed in a drop of staining solution. With 
the bent end of a needle, pressure was applied to the 
perithecial wall. When this pressure was properly 
exerted, the asci within the perithecium were forced 
out through the ostiole. They usually emerged as a 
single mass. The perithecial wall was removed and 
a cover slip placed over the drop. The slide was then 
gently heated. Several methods of staining were 
attempted such as aceto-orcein, aceto-carmine, pro- 
pionic-orcein, lacto-orcein and acetic-lactic-orcein 
combinations. After many trials, it was realized that 
the genetic strain being utilized had much to do with 
the success of the staining procedure. A cross of two 
particular wild-type strains always gave excellent 
results, whereas other strains gave moderate or con- 
sistently poor results. In general, aceto-orcein was 
the most reliable chromosome stain but the nucleoli 
were not differentiated. When, in any particular 
aceto-orcein preparation, it was necessary to observe 
the nucleoli, aceto-carmine was subsequently run 
under the cover slip. The nucleoli, taking up the 
carmine stain, were then clearly visible. 

Chromosome number. — The haploid chromosome 
number in all the examined strains of N. crassa was 
seven. This number does not agree with that given 
by Lindegren and Rumann (1938) for N . crassa 
(six to nine chromosomes) nor that given by Colson 
(1934) for N. tetrasperma (six chromosomes). 
Seven haploid chromosomes had previously been 
observed (Dr. E. A. Weaver and author, unpub- 
lished) in a strain of N, tetrasperma supplied by 
Dr. B. O. Dodge. The author is indebted to Dr. 
G. W. Bohn, a former graduate student of the Uni- 
versity of Missouri, for calling her attention to the 
Neurospora chromosomes. He observed seven hap- 
loid chromosomes in his excellent aceto-carmine 
preparations of Neurospora sp. 

Chromosome size. : — The lengths of the chromo- 
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somes were measured at various stages from pre- 
synapsis in the zygote nucleus to the metaphase of 
the division in the ascospore. The longest chromo- 
some is approximately 2.7 times the length of the 



Fig. 1. Diagram illustrating the relative lengths of the 
seven chromosomes of Neurospora crassa. The cross lines 
indicate the positions of the centromeres; these are rea- 
sonably correct for the two longest chromosomes. The 
determination of the positions of the centromeres in the 
other chromosomes needs further confirmation; the as- 
signed positions (broken cross-lines) should be consid- 
ered only as tentative. The separation of the minute satel- 
lite from the main segment of the short arm of chromo- 
some 2 is indicated by the dashed line. 

shortest chromosome. Since the relative lengths of 
all chromosomes are maintained throughout the nu- 
clear cycles, measurements will be mentioned only 
for this longest chromosome. At the end of the pachy- 
tene, this chromosome may attain a length of ap- 
proximately 15 microns. At metaphase of the third 
division in the ascus, it may be approximately 2.5 
microns long. At the metaphase of the division in the 
ascospore, it may be only 1.5 microns long. The 
chromosomes of the hyphal nuclei were not exam- 
ined. In contrast to the relatively large size of the 
nuclei in the ascus and the ascospores, the hyphal 
nuclei are very minute. It is probable that the meta- 
phase chromosomes they form are likewise very 
minute. 

Relative lengths of the chromosomes.- — Meas^ 
urements of the relative lengths of the chromosomes 
were most satisfactorily obtained from nuclei in late 
pachytene. The chromosomes are then at their maxi- 
mum extension (see below) . Although all seven chro- 
mosomes were drawn and measured in only a few 


meiotic prophase nuclei, the relative lengths of the 
chromosomes were consistent within each nucleus. 
Figure 1 illustrates the relative lengths of the seven 
chromosomes as computed from these measurements. 

Morphology of the chromosomes. — Centromere 
positions . — The centromere position was adequately 
determined only for the two longest chromosomes. 
The analysis of centromere positions was suspended 
temporarily because it was thought that one of the 
smaller pairs of chromosomes might be heteromor- 
phic. If this were true, two sets of chromosome mor- 
phologies with respect to centromere positions, 
would have to be considered. The presence of a 
heteromorphic pair was not confirmed in subsequent 
examinations which were confined mainly to a cross 
between two particular wild-type strains. Whether 
a heteromorphic pair is present or could be identified 
in crosses of other wild-type strains remains to be 
determined. Due to the pressure for other determina- 
tions, no time was taken to renew the studies of cen- 
tromere positions. In order to convey some idea of 
centromere positions in the complement as a whole, 
the tentative positions that had been assigned to 
chromosomes 3 to 7 before this analysis was sus- 
pended, are included in figure 1. 

The nucleolus chromosome. — The second longest 
chromosome (chromosome 2) possesses a nucleolus 
organizer close to the end of its short arm. Conse- 
quently, there is a very minute satellite. The nucleo- 
lus organizer functions in the usual manner and de- 
velops a nucleolus in each telophase nucleus. 

Chromomere patterns. — At late pachytene, each 
chromosome shows a distinct chromomere pattern. 
The pattern for any one chromosome is constant. 
The chromomeres have various sizes and shapes. 
They are separated by thinner strands of chromatin 
but are not spaced equally, along the chromosome. 
The smaller chromosomes have only a few distinct 
chromomeres (five to six or seven), whereas the 
longer chromosomes have correspondingly more. No 
attempt was made in this preliminary study to map 
the chromomeres of each chromosome. However, 
these distinctive chromomere patterns could be use- 
ful in identifying individual chromosomes at pachy- 
tene. No knobs were recognized in these chromo- 
somes. Centromeres could not be identified with cer- 
tainty in the orcein stained preparations of pachy- 
tene. 

Heterochromatin . — Heterochromatic segments of 
chromosomes were not recognized as such in the 
pachytene chromosomes. However, the presence of 
heterochromatin was detected in the telophase nu- 
clei following the second meiotic mitosis and in the 
resting nuclei of the one- and two-nucleated asco- 
spores. It could also be observed in the hyphal nu- 
clei. There are two main segments of heterochro- 
matin. They are located adjacent to a centromere. 
It has not been determined whether these two recog- 
nized segments lie adjacent to the centromere on 
opposite arms of one chromosome or whether they 
are parts of tw;o separate chromosomes. Congression 
of the centromeres in late anaphase of division III, 
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and in the spore division, results in the formation peared to possess compressed gyres. This elonga- 

of a somewhat pear-shaped resting nucleus. The tion process continues until the chromosomes have 

centromeres of all seven chromosomes lie in the apex reached their full extension. At this stage, the chro- 

of this pear-shaped nucleus. Here, also, are found mosomes are essentially similar in appearance to 

the two heteroehromatic bodies lying so close to- the pachytene chromosomes of many other organ- 

gether that they suggest a single dumb-bell shaped isms. The term “pachytene” has therefore been used, 

structure. It is believed, however, that they have Although homologous chromosomes lie side by side 
not fused to form a single chromocenter but are at late pachytene, they are often not closely ap- 
forced close to one another by the intimate spacial pressed. Often, there is little or no relational coiling 
association of all seven centromeres. Extensive ob- of the two homologues around one another. During 
servations have not been made of these two hetero- the period from zygote' formation to late pachytene, 
chromatic bodies nor has an attempt been made to the volume of the nucleus and nucleolus increases 
identify the chromosome or chromosomes involved, steadily. In all post-synaptic stages, the volume of 
Nuclear fusion, chromosome synapsis and the the nucleus is very much greater than that of the 
subsequent elongation of the synapsed chromo- chromosomes. Consequently, the chromosomes are 
somes. — Fusion of two haploid nuclei to form the widely spaced within the nucleus. During all these 
zygote occurs in the very young ascus. Illustrations stages, the chromosome 2 bivalent remains attached 
of the appearance of the ascus at this stage are given to the nucleolus by the organizer regions. At pachy- 
by Colson (1934). At the time of fusion, the chro- tene, the organizer regions of the two homologues 
mosomes of each nucleus appear to be in a resting may diverge slightly from one another; the satellites 
stage and a nucleolus is present in each. Following may be some distance removed from them, 
nuclear fusion, the chromosomes contributed by each Chromosome behavior from diplotene to the 
nucleus undergo what appears to be a typical pro- third division in the ascus. — At diplotene, a wide 
phase contraction until, in some strains, the chro- separation occurs between parts of a bivalent chro- 
mosomes may be almost as short as those of the mosome but the individual chromatids were difficult 
metaphase of the third division in the ascus. No ob- to follow. Coiling commences at diplotene and the 
vious doubleness of the chromosomes was observed, contraction of the chromosomes is very rapid. At 
however. During this period, fusion usually occurs diakinesis, typical chiasmata may be seen. No at- 
between the nucleoli contributed by each nucleus, tempt was made to count chiasmata but it is possible 
At the end of the contraction period, the two hap- to do so at this stage. The chromosomes continue 
loid sets of chromosomes lie, roughly, at opposite contraction to form typical metaphase I bivalents 

sides of the zygote nucleus. In this highly con- with terminal and interstitial chiasmata. Although 

tracted state, the homologous chromosomes enter the nucleolus becomes smaller during the pre-meta- 

into the synaptic phase of the meiotic cycle. In the phase stage, it does not disappear. Chromosome 2 
early synaptic phase, many nuclei were observed remains attached to the nucleolus by its organizer 
with some homologous chromosomes lying adjacent region. Anaphase I separation of the chromosomes 
to one another but not in actual physical contact. appears to be essentially typical except for the nu- 

It is not clear whether this early stage in the associa- cleolus. This may be dragged toward one pole or 

tion process is the consequence of a directed migra- stretched between the poles because the nucleolus 
tion of homologues toward one another or whether organizers of one or both of the dyad chromatids of 
this stage is reached following random movements chromosome 2 have not been released from their 
of the chromosomes within the nucleus. Possibly the attachment to the nucleolus. The nucleolus becomes 
movements of the chromosomes could be followed in detached before telophase sets in and may subse- 

tissue cultures of the living asci. It is of considerable quently be seen in the cytoplasm of the ascus. At 

theoretical interest to determine the range of the telophase I (and likewise telophase II and III) the 

force of synaptic attraction. The actual physical centromere regions of all the chromosomes form an 

association of the chromosomes usually begins at aggregate that lies at the apex of a distinct protru- 
one or both ends and continues along them. In many sion of the nucleus (the beak: Dodge, 1927). No 
zygote nuclei, synapsis is completed for some pairs true resting nucleus is formed. Instead, the chromo- 
of chromosomes before the members of other pairs somes uncoil and the individual arms of each chro- 
have come in contact. Soon, many nuclei show seven mosome extend into an elongated nucleus. A new 
short, but completely synapsed, bivalent chromo- nucleolus is produced by and remains attached to 
somes. (Most of the detailed observations of the the nucleolus organizers of chromosome 2. Prophase 
synaptic phase were confined to asci resulting from II proceeds by contraction of these elongated ch.ro- 

the cross of two wild-type strains (Emerson mosomes until the two dyads of each chromosome 

5256.4 X Chilton-a). In crosses of some other form very short* parallel rods, each showing a con- 

strains, synapsis appears to occur when the chromo- spicuous centromere region. Metaphase and ana- 
somes are less contracted.) Following completion of phase II proceed normally. At telophase II, the chro- 
synapsis and possibly during this period, the chro- mosomes, whose centromere regions are again aggre- 
mosomes commence their elongation. This is pos- gated at the apex of the beaked nucleus, uncoil and ^ 
sibly an uncoiling process for in some early post- the two arms of each chromosome extend into the 
synaptic nuclei, the elongating chromosomes ap- nucleus as individual strands and remain in this con- J| 
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dition until the following prophase. The extent of 
elongation of the chromosomes appears to be similar 
to that of late pachytene. In each nucleus, a new 
nucleolus is formed at the position of the nucleolus 
organizer of chromosome 2. Prophase III proceeds 
by contraction of the arms of the chromosomes. Be- 
cause the chromosomes maintain their previous telo- 
phase orientation (Js and Vs) during this contrac- 
tion, the prophase of division III is a satisfactory 
stage for observing the relative lengths of the arms 
of a chromosome. Metaphase and anaphase of the 



Fig. 9. Outline drawing of the synapsed chromosomes 
in an ascus heterozygous for T 4637. There are five biva- 
lents and a synaptic configuration of four chromosomes. 
The nucleolus is outlined by a dashed line. The minute 
satellites of the pair of nucleolus chromosomes were not 
detected in this figure. 

third division proceed as a typical equational mi- 
tosis. The telophase of this division is followed by 
a condition of the nucleus resembling a resting stage. 
Shortly after spore delimitation, a mitosis occurs in 
each ascospore. This is likewise a typical equational 
mitosis. In essential details, divisions I and II are 
typically meiotic. Division III is essentially a so- 
matic mitosis except that the chromosomes retain 
their identity from the telophase of division II to 
the prophase of division III. It would be of interest 
to determine the time of effective splitting of the 
chromosomes for this division. 

Reciprocal translocations. — In the Stanford 
laboratory, many mutants have been obtained fol- 
lowing x-ray and ultra-violet irradiations. Chromo- 
somal abnormalities could likewise be expected to 
occur from such treatments. Three irradiation-in- 
duced mutants (4637, 44105 and 45502) whose 
genetic behavior suggested the presence of some 
chromosomal abnormality, were selected and crossed 
to normal wild-type strains. The chromosomes were 
examined in the asci developing from these crosses. 
In all three cases, the ascus nuclei were heterozygous 
for a translocation between two non-homologous 
chromosomes. In the limited time available, it was 
not possible to make an intensive study of each trans- 
location. Nevertheless, some observations and inter- 
pretations based on these studies will be mentioned. 

Translocation 1+687. — Figure 2 represents an out- 
line drawing of late pachytene chromosomes in an 
ascus nucleus developing from the cross of the albino 
mutant strain 4637 by a wild-type strain. There are 
five normal bivalents and a synaptic configuration 



of four chromosomes (right). In these nuclei, ho- 
mologous associations of all parts of the four chro- 
mosomes were not always accomplished. Unsynapsed 
segments, as illustrated in figure 2, were frequently 
observed. Sometimes, at pachytene, the four chro- 
mosomes were present as two “bivalents” with 
synaptic associations only between their respective 
homologous parts. At diakinesis and metaphase I, 
either a ring of four chromosomes, a chain of four 
chromosomes or two “bivalent” chromosomes were 
observed. 

Translocation lf.Jf.105 . — Relatively few observa- 
tions were made of the translocation introduced by 
mutant strain 44105. These were limited to a few ^ 

figures of diakinesis and metaphase I. A ring of four 
chromosomes was observed in one metaphase I fig- 
ure. In several others, one or more of the chromo- 
somes were present as univalents. In two figures, 
all four chromosomes were present as univalents. 

No pachytene configurations were observed. 

Translocation 1+5502. — The reciprocal transloca- 
tion introduced by mutant strain 45502 involved a 
very unequal exchange of segments of two non- 
homologous chromosomes. The breaks appear to 
have occurred close to the end of the long arm of 
chromosome 1 and close to the centromere in the long 
arm of one of the chromosomes with a sub-terminal 
centromere. This translocation could serve several 
purposes which will be outlined below. ^ 

Estimates of the types of disjunction of chromo- 
somes in asci heterozygous for T 1+5502. — Because 
of the small size of the metaphase and anaphase I 
chromosomes in Neurospora , it would be very labori- 
ous to determine by direct observations the modes 
of disjunction of the four chromosomes involved in 
translocation configurations. An examination of the 
eight-spored asci developing from asci whose fusion 
nuclei were heterozygous for translocation 45502 
has suggested a possible method of estimating these 
disjunctions. In most organisms, a two-by-two dis- 
junction of the four chromosomes of an interchange 
complex usually occurs at anaphase I. In organisms 
having the Oenothera type of disjunction, alternate 
chromosomes in a ring or chain of four or more chro- 
mosomes go to the same pole at anaphase I. In maize, 

Pisum, etc., the four chromosomes of a ring usually 
disjoin so that two members go to one pole and two 
to the opposite pole. In these forms, alternate dis- 
junctions occur in some cells. In other cells, how- 
ever, two adjacent members of the ring or chain of 
four chromosomes may go to the same pole. When a 
heterozygous translocation is present in Neurospora , 
do the chromosomes disjoin according to the Oeno- 
thera pattern or do disjunctions follow the maize 
and Pisum pattern? The analysis given below sug- 
gests that the disjunctions in Neurospora are similar 
to those observed in maize and Pisum . 

Although the exact position of breakage in the two 
chromosomes has not been determined, a diagram 
illustrating the type of synaptic configuration to be 
expected in asci heterozygous for T 45502 is given 
in figure 3. If no crossing over occurs in either re- 
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gion a or h , figure 3, alternate disjunctions (1+4 : 
2+3, fig. 3) of the four chromosomes at anaphase I 
when a ring or a chain is present, or the counterpart 
type of disjunction when two “bivalents” are pres- 
ent, should produce an ascus with eight normal 
spores (Type I ascus, fig. 3). In this case every 
spore would receive a full genomic complement, four 
with the normal chromosomes .(1+4*, fig. 3), and 
four with the translocation chromosomes (2+3, 
fig. 3). When two adjacent chromosomes of this 
complex pass to the same pole at anaphase I, 
all eight of the resulting spores in an asciis would 
be deficient for some part of the genomic comple- 
ment. There are two possible types of adjacent 
disjunctions, those which result from disjunctions 
of homologous centromeres (1+2 : 3+4) and 
those which result from non-disjunction of homolo- 
gous centromeres (1+3 : 2+4). The former will be 
called adjacent I disjunction, the latter, adjacent II 
disjunction. Following adjacent I disjunctions, four 
of the spores (with 1+2) would be deficient for 



Type X Type E Type HI Type JX 

Fig. 3. Upper. Diagram illustrating the complete synap- 
tic association of two normal and two translocated chromo- 
somes in an ascus heterozygous for a very unequal recip- 
rocal translocation. Chromosomes numbered 1 and 4 repre- 
sent the normal chromosomes; chromosomes numbered 2 
and 3 represent the translocation chromosomes. The cen- 
tromere in each chromosome is represented by a circle. 
Lower. Diagrammatic representation of the types of eight- 
spored asci resulting from several types of disjunctions of 
the four members of the synaptic complex (see text for ex- 
planations). The heavily outlined spores are normal in 
appearance ; the lightly outlined spores are visibly defec- 
tive in appearance. (In the observed material, the type 
IV ascus is considerably more defective than the diagram 
suggests.) 


nearly all of the long arm of one chromosome. In 
contrast, the four spores with 3+4 would be defi- 
cient only for a small segment of the genomic com- 
plement. Comparable studies in maize have shown 
that spores with deficiencies of large segments of 
the genomic complement are defective in appearance, 
whereas spores with small deficiencies may be nor- 
mal in appearance, especially in the early develop- 
mental stages. If the response in Neurospora is 
similar, it could be expected that the spores with 
1+2 would be defective in appearance, whereas 
those with 3+4 may be normal in appearance, espe- 
cially in the young eight-spored asci. If this occurs, 
adjacent I disjunctions would give rise to asci with 
four adjacent defective spores and four adjacent 
spores which appear to be normal (Type III ascus, 
fig. 3). If adjacent II disjunctions occurred, all 
eight spores would' be deficient for relatively large 
segments of the genomic complement. All eight 
spores could be expected to show visible evidence of 
the deficiencies (Type IV ascus, fig. 3). 

On the supposition that the spores with 1+2 are 
defective in appearance and those with 3+4 are 
normal in appearance, a fourth type of eight-spored 
ascus could be anticipated. This would be formed 
whenever a crossover had occurred between the cen- 
tromere and the position of break (regions a or b, 
fig. 3). In this Neurospora translocation, such a 
crossover is probably confined almost entirely to the 
long segment of region a. Few crossovers would be 
expected to occur in the very short b segment. Studies 
of the disjunction of the four chromosomes involved 
in a heterozygous translocation in maize have re- 
vealed that whenever a crossover has taken place 
between the centromere and the position of breakage, 
homologous centromeres will pass to opposite poles 
at anaphase I (McClintock, unpublished). If this 
crossover-disjunction relationship likewise applies 
to Neurospora, the resulting eight-spored asci should 
possess four spores with normal genomic comple- 
ments (two with 1+4 and two with 2+3), two nor- 
mal appearing spores with the short deficiency 
(3+4) and two adjacent defective spores with the 
longer deficiency (1+2) (Type II ascus, fig. 3). 

As table 1 indicates, four main types of asci cor- 
responding to types I to IV, figure 3, were observed. 
The eight-spored asci were all relatively young, as 
the counts were made from slides prepared for chro- 
mosome studies. In each count, the relative frequen- 
cies of the types of asci are similar. Observations 
of the spore appearances in mature asci were made 
by Mrs. Mary B. Houlahan. She found that the asci 
with two very defective spores had, in addition, two 
immature appearing spores plus four normal ap- 
pearing spores. These should be type II asci; the 
spores with the short deficiency, (3+4), not dis- 
tinguishable in the young stage from spores having 
a normal genomic complement, are now detectable 
because of their slower rate of maturity. 

It should be stated that in ascus type II, the two 
adjacent defective spores occupied any one of the 
four possible* positions in the ascus, with approxi- 
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Table 1 . Frequencies of asci with normal and defective 
spores in six preparations . The zygote nuclei were 
heterozygous for a translocation associated with mu- 
tant strain 4550%.* 


Type I 
ascus 

All 8 spores 
normal 

Type II ascus 

3 defective 
sister spores 
and 6 normal 
spores 

Type III ascus 

4 adjacent 
defective spores 
and 4 normal 
spores 

Type IV' 
ascus 

All 8 spores 
defective 

30 

50 

38 

17 

34 

41 

34 

8 

37 

85 

32 

18 

37 

58 

30 

17 

54 

97 

50 

16 

35 

50 

24 

17 

Totals 




197 

381 

198 

93 b 


a Record was made of 17 asci with normal and defective 
spore orientations other than types II and III of this 
table. See text for description. 

b In making these slides for chromosome studies, many 
of the asci of types I to III were broken and their spores 
scattered. Only non-broken asci were scored. Type IV 
asci were not so readily broken. Thus, the figure for type 
IV probably is relatively too high. 

mately equal frequencies. This is to be expected if 
the orientation of the chromosomes at metaphase I 
and II is at random with respect to the long axis of 
the ascus. Likewise, in ascus type III, the four adja- 
cent defective spores occupied positions either at the 
base or the tip of the ascus. 

On the basis of the explanation of the types of 
eight-spored asci given above, the following conclu- 
sions may be drawn: (1) When no crossing over 
occurs between the centromere and the point of in- 
terchange, alternate and adjacent I disjunctions will 
occur equally frequently (types I and III, table 1). 
(2) Adjacent II disjunctions are relatively infre- 
quent (type IV, table 1 ; see accompanying foot- 
note). (3) A crossover occurs in the longer chromo- 
some between the centromere and the position of 
breakage in approximately half of the ascus nuclei 
(type II, table 1). It is fully realized that these 
studies are only preliminary and require further 
investigation. Nevertheless, the author wishes to 
emphasize the possible usefulness of this type of 
analysis as a complement to the cytological ob- 
servations. 

A POSSIBLE METHOD FOR DETERMINING THE FRE- 
QUENCY of transposition of spores. — In many 
genetic analyses, the order of the spores in an ascus 
is of prime importance. The eight spores in an ascus 
are linearly arranged and are assumed to reflect the 
orientation of the nuclei and spindles in the three 
preceding divisions in the ascus. Following division 
I, the two resulting nuclei are some distance apart in 
the ascus cytoplasm. The spindles they form are par- 
allel to the long axis of the ascus. Thus, following the 

■ second division, four nuclei are present, the upper 
two derived from one nucleus, the lower two derived 
from the second nucleus. Maintaining their respec- 



tive positions in the ascus cytoplasm, each nucleus 
again divides and a row of eight free nuclei are 
formed. It is not until then that walls appear cutting 
out the eight spores. If no disturbances have occurred 
in the arrangement of the nuclei and spindles during 
the free-nucleated stage, the position of each spore 
reflects its origin with respect to the three preceding 
divisions. Lack of wall formation following divisions 
I and II in the ascus is a distinct disadvantage. 
Irregularities in spindle orientation or transposition 
of the usual order of two or more of the free nuclei 
will lead to linear arrangements of spores which do 
not reflect their origin in the previous spindles. 
Irregularities of this sort are known to occur and it $ 

is important for some investigations to determine 
their frequencies. 

The reciprocal translocation in mutant strain 
45502 or a chromosomal abnormality giving similar 
types of recognizable defective spores, might be use- 
ful for estimating the frequency of occurrence of 
aberrant alignments of some of the spores in an 
ascus. In addition to the ascus types recorded in 
table 1, there were 17 asci with normal and defective 
spore orientation other than types II and III. If, 
after the second meiotic mitosis following an adja- 
cent I disjunction described above, the two inner 
nuclei (with 1+2 and 3+4, respectively) exchanged 
positions, the spore alignment would not be type 
III. Instead, two adjacent normal appearing spores « 

(with 3+4) would be inserted between the two sets 
of sister defective spores (with 1+2). Seven of the 
17 aberrant asci were of this type. If, following 
division III in an ascus destined to be of type II, 
two non-sister nuclei exchanged positions, a spore 
alignment other than type II could appear. This 
would occur if one of these nuclei possessed the long 
deficiency (1+2) which gives rise to the defective 
appearing spores. In these asci, the two defective 
appearing spores would now be separated by a 
normal appearing spore. Five such asci were ob- 
served among the 17 aberrant asci mentioned in the 
footnote to table 1. These observations are not con- 
sidered adequate for estimating the frequency of 
nuclear displacements. More study needs to be given 
to the aberrant asci to determine whether displace- ^ 

ment of spores may occur after spore delimitation 
through rough handling, or whether additional dis- 
turbances, such as aberrant chromosomal behavior, 
are contributing factors. Because of the significance 
of aberrant alignment of spores in genetic investiga- 
tions, it was considered worth while to mention a 
possible rapid method of estimating their frequen- 
cies. ■■ 

Conclusions. — The usefulness of fungi as genetic 
material has been well demonstrated in recent years. 

To interpret properly the, results of many genetic 
investigations, it is either advantageous or necessary 
to know the accompanying chromosomal conditions. 

On the basis of this brief study of Neurospora chro- 
mosomes, the author anticipates that some fungi may 
prove to be adequate and in some respects superior 
cytogenetic material. A review of the literature sug- 
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gests that some forms may be distinctly superior to 
Neurospora for studies of chromosome behavior, 
particularly of those stages from fertilization to the 
first meiotic metaphase. Forms with two haploid 
chromosomes, one of which is associated with the 
nucleolus, might prove to be very satisfactory in fol- 
lowing the stages and motions of the chromosomes 
during synapsis, in studying the consequences of 
various chromosomal rearrangements and for other 
studies involving the meiotic prophase periods. In 
ascomycetes, the ease of isolation of the asci, the 
abundance of asci and the relation of size to stage 
in meiosis should recommend this material for tissue 
cultures when it is desired to observe the chromo- 
somes during the meiotic stages in living nuclei. 

The haploid chromosomal complement of Neuro- 
spora crassa is similar in its organization to that 
observed in many organisms. Each of the seven chro- 
mosomes may be identified not only by its relative 
length, the position of its centromere^but also by the 
constancy of its internal organization as exhibited 
by chromomere patterns in the meiotic prophase. 
One chromosome of the haploid complement pos- 
sesses a nucleolus organizer which functions just as 
it does in other organisms. Because of the location 
of the nucleolus organizer near the end of one arm 
of this chromosome, there is a minute satellite. Even 
the coiling and uncoiling processes leading to con- 
traction and expansion of the chromonema appear 
to be similar to that observed in many other organ- 
isms. No distinctively unique features of chromo- 
somal organization were recognized. The presence 
of translocations between non-homologous chromo- 
somes following irradiation treatment and the be- 
havior of these translocated chromosomes in the 
meiotic stages of heterozygous asci likewise are in- 
dicative of the orthodox organization of the Neuro- 
spora nuclei and chromosomes. 

It has been observed that the behavior of the chro- 
mosomes in the first two mitoses in the ascus results 
in the formation of four haploid nuclei whose chro- 
mosomes have been subjected to’ the processes com- 
mon to meiosis in general: synapsis of homologous 
chromosomes, chiasma formation, and typical ana- 
phase I and II disjunctions and segregations of 
chromatids. The synaptic period, however, is dis- 
tinctly atypical. In many organisms, synapsis is in- 
itiated in the meiotic prophase when the chromo- 
somes are much extended. In the Neurospora strains 
most extensively studied, this period occurs when 
the chromosomes are contracted, short rods simulat- 
ing late prophase chromosomes. Elongation of the 
chromosomes to their maximum meiotic prophase 
extension takes place after the chromosomes have 
become homologously associated throughout their 
lengths. If the chromonema within each chromosome 
at the time of synaptic attraction and association is 
tightly coiled, the homologous associations along the 
chromosomes cannot be equally intimate. Other cases 
of synaptic attraction of condensed chromosomes 
have been described but Neurospora offers rather 
unique opportunities for studying this process. 


The centriole has not been considered in previous 
sections of this report, but it deserves a brief men- 
tion because of its steady enlargement during the 
interphase stages of the divisions in the ascus, its 
relation to the centromeres during this enlargement, 
as well as its previously known function in initiating 
spore wall formation (Harper, 1905; Dodge, 1927; 
Wilcox, 1928). As mentioned previously, the inter- 
kinetic nuclei following divisions I, II and III are 
somewhat pear-shaped because of a decided protru- 
sion or “beak.” The centromeres of all chromosomes 
form a compact aggregate at the apex of this beak. 
The centriole begins to enlarge into a rod-shaped 
structure following division I. It functions as a typi- 
cal centriole in division II. During the following 
interkinChses, the process of enlargement in contact 
with the centromeres continues. It again functions 
as a typical centriole during the third mitosis. (For 
illustrations, see Plates I and II, Dodge, 1927). 
Following the third division, the greatly elongated 
centriole, associated with the beak of each nucleus, 
comes to lie close to the ascus wall. Fibers emerge 
from it and encompass a mass of cytoplasm about 
each nucleus thus initiating spore wall formation. 
That centromeres, centrioles and blepharoplasts are 
interchangeable cell organelles has been demon- 
strated in the classic investigations of Pollister and 
Pollister (1943). In line with these investigations, 
it is possible to consider that the centromeres of 
Neurospora may contribute to the substance of the 
centriole during these periods of enlargement. Cen- 
tromeres, centrioles and blepharoplasts all have the 
common function of producing fibers. It is possible 
that the fibers formed by these three interrelated but 
morphologically distinct cellular organelles are 
structurally identical or much alike in that they all 
possess one particular type of molecular organiza- 
tion which is responsible for their capacity to con- 
tract or alternately contract and expand. 


SUMMARY 


A summary report is given of the results obtained 
from a very brief study of chromosome and nuclear 
behavior in Neurospora crassa . The investigations 
are admittedly incomplete and possibly some errors 
have been made. Nevertheless, they have revealed 
that Neurospora offers adequate and in some re- 
spects unique opportunities for cytogenetic research. 
The chromosomes were followed from the nuclear 
division preceding zygote formation through the 
division in the ascospore. Chromosome morphology 
was considered with reference to the absolute and 
relative sizes of the seven chromosomes in various 
division cycles, the centromere positions, the nucleo- 
lus chromosomes, the pachytene chromomere mor- 
phology and the presence of heterochromatin. Chro- 
mosome behavior was followed with reference to the 
atypical timing of chromosome synapsis, the elonga- 
tion of the chromosomes during a prolonged “pachy- 
tene,” chiasma formation and the general behavior 
of the chromosomes in the two meiotic mitoses and 
the two subsequent equational mitoses. Several re- 
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ciprocal translocations were investigated and their 
usefulness for special studies indicated. 
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NEUROSPORA. II. METHODS OF PRODUCING AND DETECTING MUTATIONS 
CONCERNED WITH NUTRITIONAL REQUIREMENTS 1 


G. W. Beadle and E. L. Tatum 


The general procedure by which mutant types 
of Neurospora with altered growth factor require- 
ments are produced and detected has been described 
several times (Beadle and Tatum, 1941 ; Tatum, 
1944; Horowitz et al., 1945; Beadle, 1945). The 
purpose of this paper is to give in detail the meth- 
ods used and the results obtained. Briefly reviewed, 
the method is as follows : Mutations are induced by 
ultraviolet treatment, x-radiation or neutron bom- 
bardment. Genetically homogeneous strains are then 
established on a medium containing known vita- 
mins, amino acids and other compounds of suspected 
biological importance. Loss of ability to carry out 
the synthetic processes characteristic of the original 
strain is detected by transferring these pure lines 
to a “minimal” medium on which growth depends 
on the ability of the organism to carry out all the 
major biosyntheses of which the original strain is 
capable. The heterothallic species of Neurospora 

1 Received for publication August 28, 1945. 
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of the University of California, Dr. E. V. Abbott of the 
United States Department of Agriculture at Houma, 
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C. Brown, Miss Helen R. Buss, Miss Hyla A. Cook, Miss 
Verna L. Coonradt, Miss Viola M. Coonradt, Miss Esther 
H. Davis, Miss J. Hermione Grant, Dr. Russell P. Hager, 
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McFadden, Mr. Robert F. Merchant, Mrs. Caryl Moer- 
dyke, Mrs. Elizabeth S. Pierce, Miss Gerda Straus, Miss 
Janet M. S. Wallace and Miss A. Jeanne Vincenti. 


are well suited to this type of investigation because 
their synthetic abilities are well developed, because 
they can be grown readily in pure culture on a 
chemically defined medium, and because their life 
cycle makes genetic control and analysis simple 
(Shear and Dodge, 1927; Dodge, 1927; Lindegren, 
1942). 

Materials and methods. — Stocks. — Wild-type 
strains of Neurospora sitophila and of N . crassa 
were obtained from Dr. B. O. Dodge, Prof. C. C. 
Lindegren, Dr. W. S. Malloch, Prof. St. John P. 
Chilton and Dr. E. V. Abbott. Following a sugges- 
tion of Doctor Dodge, we designate the two sexes 
or mating types A and a , corresponding respec- 
tively to and “■ — ” in Lindegren’s terminology. 
The following stocks have been used: 

SA — N. sitophila derived from material collected 
in Bermuda and sent to us by Dodge. 

Sa — N. sitophila, as above, opposite sex. 

LA — N. crassa from Lindegren via Malloch. 

La — N. crassa, as above, opposite sex. 

1A — N. crassa, single ascospore strain derived 
from cross of LA and La. 

10a — N. crassa, as above, opposite sex. 

19a — N. crassa, as above. 

25a — N. crassa, as above. 

Abb 4A — N. crassa, single ascospore strain from 
material collected by Abbott in Louisiana. 

Abb 12a — N. crassa, as above, opposite sex. 

Ch-a — N. crassa, from material collected by Chil- 
ton in Louisiana. 

Culture media . — As shown by Butler, Robbins 
and Dodge (1941) and by Beadle and Tatum 
(1941) wild-type strains of Neurospora require the 
vitamin biotin. If supplied this, they grow on a 
medium containing a carbon and energy source, an 
inorganic nitrogen source, plus several inorganic 
salts. The addition of asparagine or aspartic acid 
is stimulatory (Bonner, unpublished observations). 
The basic medium we have used, often referred to 
as “minimal” medium, contains the following in 
grams per liter of solution: ammonium tartrate 5, 
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NH 4 N0 3 1, KH 2 P0 4 1, MgS0 4 '7H 2 0 0.5, NaCl 
0.1, CaCl 2 0.1, sucrose 15, biotin 5 X 10~ 6 . The fol- 
lowing trace elements, added as salts, are present 
as follows in milligrams per liter of medium: Bo 
0.01, Cu 0.1, Fe 0.2, Mn 0.02, Mo 0.02, Zn 2.0. 
Whenever possible minimal medium is used in liquid 
form in test tubes or Erlenmeyer flasks. It may be 
made semi-solid with agar although in this case 
care must be taken that unwanted extraneous mate- 
rials are not added with the agar (Robbins, 1939; 
Ryan, Beadle and Tatum, 1943). This medium may 
be modified in various ways. Its pH as normally 
made up is 5.6. In special tests for detecting mu- 
! tants sensitive to changes in hydrogen ion concen- 

tration, we have lowered the pH to 4.6 with HC1 
or raised it to 7.0 with Na 2 HP0 4 . Cellobiose, malt- 
ose, trehalose, soluble starch and cottonseed oil 
; emulsion have been substituted for sucrose in tests 

for ability of strains to utilize specific carbon 
sources. The NH 4 ions have been replaced by K in 
tests for ability of strains to utilize N0 3 -nitrogen. 

Various so-called complete media have been used 
from time to time. The one in current use is made 
up of the following: Fries 3 solution (minimal me- 
dium without sucrose or biotin) 1 L, agar 15 g., 
Difco yeast extract 2.5 g., spray-dried malt syrup 
5 g., sucrose 5 g., glucose 5 g., vitamin solution 10 
ml., and hydrolyzed casein 5 ml. The vitamin solu- 
tion contains the following in milligrams per liter 
of solution: thiamin 100, riboflavin 50, pyridoxin 
50, pantothenic acid 200, p-aminobenzoic acid 50, 
nicotinamide 200, choline 200, inositol 400, alkali- 
hydrolyzed yeast nucleic acid 500, and folic acid 
equivalent to 4 jmg. pure substance. The casein hy- 
drolyzate is prepared by HC1 hydrolysis and is 
made up to the equivalent of 50 mg. casein per ml. 

For stock cultures a medium is used similar to 
the above with two per cent glycerol replacing the 
sucrose and glucose. Considerable variability has 
been observed in the sporulation of vegetative cul- 
tures of mutant types on different media. In an 
attempt to find a medium that would be favorable 
for as many mutant types as possible, Miss Her- 
mione Grant has investigated the growth and sporu- 
H lation of two wild-type strains, two morphological 

variants, and twelve biochemical mutants on twelve 
different media. The media included variations in 
trace elements, substitution of glucose and sucrose 
for glycerol, replacement of agar with “carragar,” 
an agar substitute manufactured from Chondrus 
» crispus , and the use of whole yeast instead of yeast 

extract. In addition to these, the carrot-beet-cucum- 
ber-potato-extract medium of Mrak el al. (1942), 
a hay-infusion-peptone-agar medium, and a medium 
in which glycerol, molasses, peptone, and five per 
cent NaCl are the principal ingredients were used. 
Unfortunately it is found that no one medium is 
most favorable for all strains. The glycerol, yeast 
extract, malt syrup, vitamin, casein, and agar me- 
dium mentioned above is as good an all-purpose 
stock culture medium for Neurospora as we have 
found. For individual mutant strains it is often 


necessary to devise special media. For example, 
Doermann (1944) has shown that lysineless mu- 
tants are specifically inhibited if the molar concen- 
tration of arginine in the culture medium exceeds 
that of lysine. Often minimal medium agar supple- 
mented with the specific substance required by a 
particular strain is satisfactory (Regnery, 1944). 

A so-called coconut medium has been used which 
is designed to provide heat-labile substances that 
might be required by mutant strains. The use of 
coconut for this purpose was suggested to us by the 
work of Overbeek et al. (1942, 1944). Coconut me- 
dium is made by grinding the meat of a ripe coco- 
nut in a food chopper, adding 200 ml. of distilled 
water, homogenizing in a Waring blendor for five 
to ten minutes and then straining through two lay- 
ers of cheese cloth. The resulting cream-like mate- 
rial is added to Fries 3 solution in ten per cent con- 
centration. In addition agar (3%), sucrose (1%), 
yeast extract (0.1%) and dried malt syrup (0.1%) 
are added. This medium is distributed to culture 
tubes in amounts equal to half the desired final 
quantities of medium. Following autoclave sterili- 
zation and cooling to about 50° C., equal quantities 
of the aseptic liquid of a half-ripe coconut are 
added to the culture tubes. The agar medium and 
coconut “milk” are mixed and allowed to cool for 
use. The coconut milk is removed aseptically with 
a large syringe and suitable sized hypodermic 
needle and is distributed to culture tubes directly 
from this syringe. The various complete media de- 
scribed are not favorable for cultures in which fer- 
tile perithecia are desired. For this purpose we use 
Difco cornmeal agar, an agar medium containing 
an infusion of cornmeal and 0.2 per cent glucose. 

Induction of mutations. — Three types of treat- 
ment were used for the induction of mutations, 
x-rays, ultraviolet radiation and neutrons. The 
x-ray apparatus used is of a special design described 
briefly by Taylor, Thomas and Brown (1933). A 
silver target was used and the tube operated at 40 
KV. and 10 ma. The spores being rayed were placed 
4 cm. from the target. The radiation was unfiltered 
except by the aluminum window of the tube. This 
window is 0.002 inch in thickness. Under these 
conditions, as shown by calibration with a Victoreen 
meter, x-rays were delivered at the rate of 550 r 
units per second. Material at two stages in the life 
cycle was rayed. In earlier experiments, young peri- 
checia, taken prior to meiosis, were rayed. These 
were allowed to complete development and subse- 
quent to this, one ripe ascospore was taken from 
each perithecium. Strains derived from these were 
then investigated to determine their nutritional re- 
quirements. In later treatments, dry conidia were 
rayed and then applied to protoperithecia of the 
opposite sex. Dodge (1932) and Backus (1939) 
have shown that the nuclei of conidia applied to 
protoperithecia in this way are taken into the peri- 
thecia and contribute to the formation of zygote 
nuclei. In this case too, only one ascospore per 
mature perithecia was taken for the establishment 
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of lines to be tested for change in nutritional re- 
quirements. In both methods of treatment the tak- 
ing of a single ascospore per perithecium insures 
that only one ascospore will be taken carrying de- 
scendants of a particular mutant gene produced by 
the treatment. Thus if two mutants concerned with 
the same biosynthetic reaction are found, they are 
presumed to be of independent origin. There is some 
possibility of inadvertently taking two spores from 
a single perithecium. To make possible the elimina- 
tion of any such errors, the cultures from the asco- 
spores of a single tube of fertile perithecia were 
distinguished, from those from independent tubes. 
Thus rayed conidi^ were applied to protoperithecia 
in several culture tubes. From each of these, aseo- 
spores were taken, one from each mature perithe- 
cium, and identified as to which culture tube they 
came from. If identical mutant strains came from a 
single tube, they may conceivably carry descendants 
of a single original mutant gene. If, on the other 
hand, they come from separate tubes, they almost 
certainly represent independent occurrences of the 
same mutation. 

Ultraviolet treatments were made in essentially 
the same way. A dilute suspension of conidia of a 
wild -type strain was distributed in small Syracuse 
dishes, these placed under the tube of a Westing- 
house “Sterilamp” and irradiated for the desired 
time with constant agitation of the suspension. The 
type of lamp used emits approximately 85 per cent 
of its energy at 2537 A. Dosages were computed 
after calibration of the lamp with a Hanovia photo- 
cell ultraviolet meter. At a distance of two inches 
from the tube the incident ultraviolet energy so 
computed was 5,500 ergs/mm 2 /min. 

Neutron treatments were made with the help of 
members of the Radiation Laboratory of the Uni- 
versity of California, using the 60 inch cyclotron. 
Dosages were calculated from ionization measure- 
ments at the collimator port and are expressed in 
n-units. 

Since our purpose was to obtain mutations of 
specific types, not to determine their frequency in 
relation to dosage, wave length or other variables, 
we have not taken the precautions necessary to 
obtain measurements of dosages and mutation rates 
of the highest accuracy possible. Thus the x-ray 
tube and the ultraviolet lamp were not calibrated 
at every treatment and the line voltage on the ultra- 
violet lamp was not kept constant. The neutron ‘ 
treatments were preliminary and the dosages are 
very rough approximations. 

The procedure outlined above was followed in 
preference to the method of treating microconidia 
used by Lindegren and Lindegren (1941a, 1941b), 
Hollaender et ah (1945) and by Sansome et al. 
(1945) because it makes certain that all nuclei of 
a given strain are genetically alike, barring sponta- 
neous mutation. With the method of treating micro- 
conidia there is a possibility of obtaining hetero- 
caryons that make subsequent analysis difficult if 


any spores are binucleate or if the chromosomes are 
effectively double at the time of treatment. 

Spore isolations . — Our method of making asco- 
spore isolations involves the use of blocks of four 
per cent plain agar about % X % X 2 inches. 
These are cut from poured petri plates, placed on 
standard microscope slides and worked on under a 
dissecting microscope at a magnification of 10 to 
48 diameters. With a platinum-iridium transfer 
needle with a lance-like tip, single ascospores are 
transferred to the edge of the agar block. They are 
lined up in a row about one mm. from the edge and 
about two mm. apart on the row. With the transfer 
lance blocks of agar are cut about two mm. on a 
side and a half a mm. thick, each block having a 
spore on its top side. These blocks are then picked 
up on the transfer lance and placed spore-side-up 
on the surface of the medium in a culture tube. 
Small culture tubes 3 X % inches are convenient 
for such single spore cultures. Ascospores are heat- 
activated (Shear and Dodge, 1927; Goddard, 1939) 
by placing racks of culture tubes in a 60°C. water 
bath for 30 minutes. 

In isolating ascospores in order, a somewhat simi- 
lar procedure is used. Perithecia are squeezed with 
fine forceps in such a way as to crack them. The 
clusters of asci so obtained are spread on the agar 
block. With a glass micro-needle operated free- 
hand, the asci are arranged so that the spores from 
a single one can be removed through a distal rup- 
ture in the ascus. The eight individual spores are 
lined up in order along the edge of the agar block. 
At this stage they are flooded with a 1.5 per cent 
sodium hypochlorite solution (50 per cent commer- 
cial “Clorox,” “Purex” or equivalent hypochlorite 
solutions are suitable). With the transfer lance a 
drop of the solution is drawn over the row of eight 
spores. They are then cut out on individual blocks 
and transferred to culture tubes. The hypochlorite 
treatment kills conidia, mycelial fragments and 
most contaminants and permits the aging of asco- 
spores for several days prior to heat-activation. 
Such aging often greatly increases the percentage 
germination. 

Tests for mutations . — Strains from ascospores 
carrying mutant alleles of genes necessary for the 
synthesis of vitamins, amino acids and other bio- 
logically active compounds are able to survive on 
complete medium because the substances they can- 
not synthesize are supplied in the medium. Such 
strains are separated from those that are not modi- 
fied in their growth factor requirements by sub- 
culturing all strains on one or more minimal media. 
The minimal medium we have made most extensive 
use of is the one containing sucrose as a carbon 
source. To grow on it a strain must of course syn- 
thesize all necessary vitamins, amino acids and 
other compounds necessary for growth, except bio- 
tin which is supplied in the medium. Growth on 
complete medium and lack of it on sucrose minimal 
medium indicates either failure to carry out the 
synthesis of some substance present in complete and 
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not present in minimal ©r failure to utilize sucrose 
as a carbon source. Other minimal media have been 
used. By observing growth responses on these, it 
is possible to detect mutant types with altered pH 
sensitivities, those unable to grow throughout the 
temperature range at which wild-type strains will 
grow, strains unable to utilize specific substances 
as carbon sources, and those unable to utilize nitrate 
nitrogen. 

Strains that show growth on complete medium 
but not on various minimal media are investigated 
further by sub-culturing them on sucrose minimal 
medium supplemented with (1) the vitamin mix- 
ture described above (1 ml. vitamin mixture per 100 
ml. medium), (2) casein hydrolysate (1 ml. per 100 
ml. medium), (3) glucose minimal, and (4) a com- 
plete medium control. Growth on media (1) and 
(4) but not on (2) and (3) indicates failure of the 
strain to synthesize sufficient quantities of one or 
more of the vitamins in the mixture. Which of the 
vitamins in the mixture is required by such altered 
strains is then determined by sub -culturing on me- 
dia supplemented by individual vitamins. Growth 
on media (2) and (4) but not (1) and (3) indicates 
that one or more amino acids are required for 
growth. The specific requirement is established by 
observing sub-cultures on minimal media supple- 
mented by individual amino acids or combinations 
of these. A third category of mutant types is indi- 
cated by growth on complete but failure to grow 
on either (1), (2) or (3). Strains falling into this 
category may have lost the ability to synthesize 
some one or more compounds of biological impor- 
tance not present in either the vitamin mixture or 
the casein hydrolysate. There are, however, other 
possibilities; for example, they may be double mu- 
tants requiring both a vitamin and an amino acid, 
or they may have a single requirement but be 
specifically inhibited by a second substance in the 
mixture. 

It is found that some spores from irradiated ma- 
terial germinate on complete medium but give hy- 
phae which grow very slowly or fail to develop 
further after growing only a millimeter or so. On 
the assumption that some of the slow-growing or 
rudimentary mycelia are unable to synthesize essen- 
tial heat-labile substances, they were routinely 
tested for ability to grow on coconut medium. 

Folic acid was used in the vitamin mixture at a 
concentration just sufficient to give growth of 
Streptococcus lactis R. If the requirement of a 
Neurospora strain unable to make folic acid were 
appreciably higher than this, it is possible that 
such strains would be missed on tests on the vitamin 
mixture. Either this or breakdown of the folic acid 
in our stock solution (kept under toluene in the 
refrigerator) may account for the apparent lack of 
mutant types requiring folic acid for growth. 

Results. — T he observed frequencies of so-called 
biochemical mutants in different experiments are 
given in tables 1, 2 and 3. Mutants are classified as 
“good" and “questionable." It is recognized that 
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Table 2. Summary of tests for mutations induced by ultraviolet radiation. 


Dosage 

ergs/mm2 

Sucrose 
5.6 25° 

Sucrose 
4.6 25° 

Medium with pH and temperature at which used 

Starch-— Starch— Starch— 

NO s N0 3 N0 3 Cellobiose 

5.6 25° 7.0 25° 7.0 33° 7.0 33° 

Trehalose 
7.0 33° 

Biochemical mutants 

Ques- 
Good tionable 

9,400 

2,415 


2,415 





11 

14 

9,400 

2,239 

9,048 


8,676 


8,676 


100 

47 

9,400 


245 


246 


246 


2 

2 

9,400 


9,373 


6,125 

3,106 

3,613 

2,439 

101 

23 

9,400 


1,373 



1,369 



7 

4 

9,400 


4,197 



4,187 



34 

0 

11,750 

4,551 


4,367 





32 

14 

11,750 


2,304 



2,141 



21 

4 

14,100 

1,142 


938 





0 

3 

18,800 

128 


128 





0 

0 

Total 

10,475 

26,540 

7,848 

15,047 

10,803 

12,535 

2,439 

308 

111 


this classification is by no means entirely objective. 
The data are given mainly to indicate orders of 
magnitude. 

Several of the biochemical mutants tabulated are 
types that show little or no growth on regular com- 
plete medium but grow normally or nearly so on 
coconut medium. The factor responsible for im- 
proved growth on coconut medium has not been 
determined in any instance. 

In addition to the “biochemical” mutants, a num- 
ber of “morphological” mutants were observed and 
recorded. Although many of these have been saved, 
no record of their frequency is given because of the 
large subjective factor in their detection and its 
variability from one worker to another. 

Table 3. Summary of tests for mutations induced by 
‘ neutrons. 


Dosage 

Sucrose 

Starch — N0 3 

Biochemical 

mutations 

Ques- 

n-units 

4.6 25° 

- 7.0 33° 

Good 

tionable 

2,000 

312 

312 

0 

0 

3,400 

963 

963 

2 

0 


Many instances have been recorded in which 
spores show germination but in which growth of 
hyphae is very slow or does not take place on either 
regular complete medium or on coconut medium. 
No doubt, many such spores carry mutant genes of 
such a nature that the mycelia derived from them 
require substances either not present in the com- 
plete media or not capable of being taken up from 
these media. 

No classification is given of mutant types accord- 
ing to the supplement required for growth because 
these have not been determined for all mutants and 
because in many instances where they have, been 
determined further work is necessary to verify the 
determination. The great majority of the mutant 
strains obtained have turned out to require vitamins, 


amino acids, purines or pyrimidines for normal 
growth. A few require substances as yet not known 
to us. Several are unable to utilize nitrate nitrogen, 
two have been found in which fat is not utilized nor- 
mally as a carbon and energy source (Horowitz 
et al., 1945). More than a dozen “temperature- 
sensitive” mutants have been identified. They grow 
normally on minimal medium at one temperature 
within the normal range for wild-type, but not at 
another. An example of a mutant of this type is 
described by Mitchell and Houlahan (in press). 
No clear case of a mutant unable to utilize a spe- 
cific sugar has been found nor has any strain been 
found which cannot grow on starch as a carbon and 
energy source. 

Examination of the data summarized in table 1 
gives evidence of an increasing mutation rate with 
increasing x-ray dosage in material rayed as young 
perithecia. When conidia were treated, on the other 
hand, there is no convincing evidence of a simple 
relation between mutation rate and dosage. While 
there appears to be no reason for suspecting any 
error in the calculation of dosages, at least not in 
relative values since only the time factor was varied 
in different treatments, more satisfactory quantita- 
tive data on dosage and frequency of biochemical 
mutations are needed before any serious attempt at 
explanation of the situation is justified. 

For purposes of determining from which stocks 
and treatment any mutant strain referred to here or 
elsewhere came, an index of all culture numbers is 
given in table 4. 

Genetic investigations . — Whether or not a meta- 
bolic change is due to a gene modification can be 
determined only by the methods of classical genet- 
ics. Crosses between mutant strains and the wild- 
type from which they were derived were routinely 
made. These are made on cornmeal agar either by 
“conidiating” wild-type protoperithecia with coni- 
dia or mycelial fragments of the mutant strain 
(Dodge, 1932) or by allowing wild-type and mu- 
tant mycelia to grow together on the surface of the 
medium. Studies of the inheritance of the changes 
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Table 4. Index of culture numbers. (In series in which d&sage is followed by an asterisk young perithecia were rayed. 

In all other instances conidia were rayed.) 


Number 

beginning 

sequence 

Strains 

X-ray Ultraviolet 

dosage dosage 

(r-units) (ergs/mm2) 

Number 

beginning 

sequence 

Strains 

X-ray Ultraviolet 

dosage dosage 

(r-units) (ergs/mm2) 

1 

SA 

X 

Sa 

3,000* 


28,041 

1A 

X 

19a 

33,000 


308 

LA 

X 

La 

3,300* 


28,067 

1A 

X 

19a 


9,400 

953 

SA 

X 

Sa 

3,300* 


28,098 

1A 

X 

19a 

33,000 


1,274 

LA 

X 

La 

4,400* 


28,133 

1A 

X 

19a 


9,400 

3,933 

• LA 

X 

La 

8,250* 


28,166 

1A 

X 

19a 

33,000 


5,451 

LA 

X 

La 

11,000* 


28,317 

1A 

X 

19a 


9,400 

9,241 

LA 

X 

La 

11,000 


28,361 

1A 

X 

19a 

33,000 


9,301 

LA 

X 

La 

8,252* 


28,406 

1A 

X 

19a 


9,400 

9,741 

LA 

X 

La 

11,000 


28,409 

1A 

X 

19a 

33,000 


9,801 

LA 

X 

La 

11,000* 


28,454 

1A 

X 

19a 


9,400 

10,429 

LA 

X 

La 

11,000 


28,505 

1A 

X 

19a 

33,000 


11,138 

LA 

X 

La 

22,000 


28,550 

1A 

X 

19a 


9,400 

11,424 

LA 

X 

La 

11,000 


28,703 

1A 

X 

19a 

33,000 


11,621 

LA 

X 

La 

22,000 


28,712 

1A 

X 

19a 


9,400 

12,033 

LA 

X 

La 

*11,000 


28,826 

1A 

X 

19a 

33,000 


12,285 

LA 

X 

La 

22,000 


28,895 

1A 

X 

19a 


9,400 

12,874 

LA 

X 

La 

44,000 


28,984 

1A 

X 

19a 

33,000 


12,986 

LA 

X 

La 

22,000 


29,009 

1A 

X 

19a 


9,400 

13,089 

LA 

X 

La 

44,000 


29,046 

1A 

X 

19a 

33,000 


13,127 

LA 

X 

La 

22,000 


29,099 

1A 

X 

19a 


9,400 

13,193 

LA 

X 

La 

44,000 


29,155 

1A 

X 

19a 

33,000 


13,257 

LA 

X 

La 

22,000 


29,167 

1A 

X 

19a 


9,400 

13,511 

LA 

X 

La 

44,000 


29,225 

1A 

X 

19a 

33,000 


13,569 

LA 

X 

La 

22,000 


29,331 

1A 

X 

19a 


9,400 

14,287 

LA 

X 

La 

44,000 


29,397 

1A 

X 

19a 

33,000 


14,347 

LA 

X 

La 

22,000 


29,533 

1A 

X 

19a 


9,400 

14,782 

LA 

X 

La 

44,000 


29,572 

1A 

X 

19a 

33,000 


15,218 

LA 

X 

La 

22,000 


29,631 

1A 

X 

19a 


9,400 

15,435 

LA 

X 

La 

44,000 


29,682 

1A 

X 

19a 

33,000 


15,466 

LA 

X 

La 

22,000 


29,928 

1A 

X 

19a 


9,400 

15,662 

LA 

X 

La 

44,000 


30,166 

1A 

X 

19a 

33,000 


16,118 

La 

X 

LA 

22,000 


30,190 

1A 

X 

19a 


9,400 

16,884 

La 

X 

LA 

44,000 


30,776 

1A 

X 

19a 

33,000 


16,873 

La 

X 

LA 

22,000 


30,821 

1A 

X 

19a 


9,400 

20,951 

LA 

X 

La 

44,000 


31,532 

1A 

X 

19a 

33,000 


24,428 

La 

X 

LA 

55,000 


32,006 

1A 

X 

19a 


11,750 

24,916 

LA 

X 

La 

55,000 


34,559 

1A 

X 

19a 


14,100 

25,906 

La 

X 

LA 

55,000 


34,564 

1A 

X 

19a 


18,800 

26,586 

19a 

X 

1A 

55,000 


35,001 

1A 

X 

25a 


9,400 

26,593 

1A 

X 

19a 

55,000 


40,101 

Abb4 

X 

Abb 12 


9,400 

26,819 

1A 

X 

19a 


11,750 

44,001 

Abb4 

X 

25a 


9,400 

26,958 

1A 

X 

19a 

33,000 


49,001 

Abb4 

X 

Ch a 


9,400 

27,430 

1A 

X 

19a 


11,750 

55,001 

Abb4 

X 

Ch a 

27,500 

9,400 

27,520 

1A 

X 

19a 

33,000 


60,501 

Abb 12 

X 

Abb4 


27,651 

1A 

X 

19a 


11,750 

63,001 

Abb4 

X 

25a 


9,400 

27,699 

1A 

X 

19a 

33,000 


67,501 

Abb4 

X 

25a 


11,750 

27,750 

1A 

X 

19a 


11,750 

75,001 

Abb4 

X 

25 a 

(neutrons 3 

,400 n-units) 

27,792 

1A 

X 

19a 

33,000 


78,701 

Abb4 

X 

25a 

(neutrons 2 

,000 n-units) 

27,986 

1A 

X 

19a 


9,400 








induced in the more than 500 strains indicated in 
tables 1, 2 and 3 has by no means been completed. 
However , a fair sample of the mutant strains has 
been studied in this way and in the majority of them 
the “mutations” are found to involve heritable altera- 
tions that are transmitted as single gene changes. 
Occasionally double mutations have been found, but 
the incidence of these is apparently no greater than 
might be expected on the assumption that the two 
mutations were independently induced. Table 3 


summarizes the meager data on neutron-induced 
mutations. The two mutations obtained constitute 
too limited a sample on which to base significant 
conclusions as to the frequency or kinds of mutant 
types produced by such treatment. 

A list of those mutants to which reference has 
already been made in the literature or is made in 
papers of this series is given in table 5. In all 
instances listed, genetic investigation has shown 
that the mutant strain differs from the wild-type 
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Table 5. Summary of mutant strains of N euros p ora that ham been referred to in the literature. ( All strains are N. 
crassa except those marked with an asterisk, which are N . sitophila. Strains known to represent recurrences of 


listed mutant types are indicated by an R following the culture number .) 



Substance required 
for growth 

Culture 

number 

Treatment 

Thiamin 

1,090* 

X-ray 


9,185 

X-ray 


17,084 

X-ray 


50,005 

Ultraviolet 


56,501 

X-ray 

Thiazole 

18,558 

X-ray 

Riboflavin 

51,603 

Ultraviolet 

Pyridoxin 

399* 

X-ray 

Nicotinic acid 

3,416 

X-ray 


4,540 

X-ray 


39,401 

Ultraviolet 

Pantothenic acid 

5,531 

X-ray 


34,556R 

Ultraviolet 

p-Aminobenzoic acid 

1,633 

X-ray 

Inositol 

37,101 

Ultraviolet 


37,401R 

Ultraviolet 


46,316R 

Ultraviolet 


46,803R 

Ultraviolet 


64,001R 

Ultraviolet 

Choline 

34,486 

Ultraviolet 


34,543R 

Ultraviolet 


37,903R 

Ultraviolet 


47,904 

Ultraviolet 


66,310R 

Ultraviolet 

Ornithine 

31,503 

X-ray 


37,947 

X-ray 


39,997 

Ultraviolet 


34,105 

Ultraviolet 

Citrulline 

30,330 

Ultraviolet 


33,443 

Ultraviolet 

Arginine 

36,703 

Ultraviolet 

Isoleucine, valine 

16,117 

X-ray 

Leucine 

33,757 

Ultraviolet 

Lysine 

4,545 

X-ray 

Methionine 

4,894 

X-ray 

Proline 

31,863 

X-ray 

Anthranilic acid 

40,008 

Ultraviolet 

Indole 

10,575 

X-ray 

Valine 

33,050 

Ultraviolet 

Adenine 

3,354 

X-ray 

Cytidylic acid 

H363 a 

X-ray 

1,398 

X-ray 

Nitrite or other re- 

45,303R 

Ultraviolet 

duced nitrogen 

14,789 

X-ray 


References 

Beadle and Tatum, 1941; Tatum arid Bell, 1945 

Tatum and Bell, 1945 

Tatum and Bell, 1945 

Houlahan and Mitchell, unpublished 

Tatum and Bell, 1945 

Tatum and Bell, 1945 

Mitchell and Houlahan, 1945 

Beadle and Tatum, 1941; Stokes et al., 1943 

Beadle and Coonradt, 1944; Bonner and Beadle, unpublished 

Beadle and Coonradt, 1944; Bonner and Beadle, unpublished 

Bonner and Beadle, unpublished 

Tatum, 1944 

This paper 

Tatum and Beadle, 1943; Thompson et al., 1943 

Beadle, 1944 

Beadle, 1944 

Beadle, 1944 

Beadle, 1944 

Beadle, 1944 

Horowitz and Beadle, 1943; Horowitz et al., 1945 

This paper 

This paper 

Horowitz et al., 1945 

This paper 

Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Srb and Horowitz, 1944 
Bonner et al., 1943 

Regnery, 1944; Ryan and Brand, 1944 
Doermann, 1944 

Horowitz et al., 1945; Buss, 1944 
Horowitz et al., 1945; Bonner, unpublished 
Tatum et al., 1944; Tatum and Bonner, 1944 
Tatum et al., 1944; Tatum and Bonner, 1944 
Horowitz et al., 1945; this paper 
Pierce and Loring, in press 
Xoring and Pierce, 1944 
Loring and Pierce, 1944 
Loring and Pierce, 1944 


Horowitz et al., 1945 


ft Obtained by Mr. Frank P. Hungate. 

strain from which it came in a manner consistent 
with the assumption that the mutational change 
involved a single gene. 

One naturally wonders what proportion, if any, 
of the alterations involves physical deficiencies. 
Since in the majority of cases the mutant strains 
become essentially normal when supplied with a 
single additional substance in the medium, it seems 
probable that if deficiencies are involved they are 
single gene deficiencies or very small ones involving 
the loss of only one gene with major effects. One 
reason for obtaining mutant strains of this type is 


to find out what genes do. This can be determined 
either by inactivating genes or by destroying them. 
In either case we are able to deduce something as 
to the function of the unaltered gene. It is possible 
to rule out destruction if it can be shown that back 
mutation to the normal allele is possible. We have 
not as yet made extensive studies of this nature. In 
preliminary studies carried out in collaboration 
with the late Prof. Leon H. Leonian of the Univer- 
sity of West Virginia we have obtained evidence 
that the mutant gene differentiating 1633 (amino- 
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benzoicless) from wild-type is capable of back 
mutation. 

Given sufficient data of the type listed in table 5, 
it should be possible to determine whether the rela- 
tive susceptibilities of different genes to x-rays is 
the same as that to ultraviolet radiation. Unfor- 
tunately our data are not yet sufficient to give a 
final answer to this. There appear to be some rather 
curious differences, for example, the fact that all 
but one of the mutants having to do with thiamin 
were produced by x-ray treatment, while all those 
interfering with inositol and choline synthesis were 
modified by ultraviolet treatment. With the numbers 
involved, however, these may represent nothing 
more than chance distributions. 

Discussion. — The thesis that genes act by deter- 
mining the specificities of enzyme proteins and as a 
consequence control specific chemical reaction has 
been developed and defended several times (Beadle 
and Tatum, 1941; Tatum, 1944; Horowitz et al„ 
1945; Beadle, 1945). The experimental results pre- 
sented in this paper make up the evidence support- 
ing this as far as control of specific reactions in 
Neurospora is concerned. It is certainly true that 
if the appropriate experimental conditions can be 
set up for producing and detecting them, the prob- 
ability is high of obtaining mutations concerned 
with almost any synthetic process. Thus in tests of 
68,198 single spore strains of Neurospora, the chro^ 
mosomes of which had been treated with x-rays or 


ultraviolet radiation, we have obtained mutations 
with altered capacities for synthesis of most of the 
B-vitamins and most of the so-called essential 
amino acids. 

There is a conspicuous absence of mutant types 
in Neurospora in which fat-soluble vitamins are 
required for growth. These have been searched for 
consistently, but not found. It seems improbable 
that they were systematically missed. It is possible 
that these vitamins cannot be utilized when sup- 
plied in the medium. On the other hand, it is con- 
ceivable that they have no function essential for 
growth in plants. 

SUMMARY 

Among 68,198 single-spore strains of Neurospora 
crassa and N. sitophila derived from material 
treated with x-rays, ultraviolet radiation, or neu- 
trons, more than 880 strains with altered nutritional 
requirements have been obtained. On genetic study, 
many of these prove to differ by single genes from 
the wild-type strains from which they were ob- 
tained. Most of them have altered requirements for 
B-vitamins, amino acids, or purine and pyrimidine 
bases. The relation of such mutant types to the 
hypothesis that genes in general function in deter- 
mining enzyme specificities and hence control par- 
ticular chemical reactions is briefly discussed. 

School of Biological Sciences, 

Stanford University, California 
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